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ABSTRAC'T 

The  jtreseiit  ri'itort  descrilH's  a  traiisitlantahle  r:it  thyroitl  tiiiuor  that  con- 
eentrates  40-70%  of  an  injected  dose  of  I'^'-iodidc  and  loses  it  rapidly  with  a 
half  life  of  4-S  hours.  The  I'®'  in  the  tumor  is  98-99%  iodide  as  judged  by  tri- 
(•hlorac(“tic  acid  solubility,  chromatography  and  dialysis.  The  remainder  of  tin* 

I'-’'  is  organically  bound  and  exists  in  the  “particulate”  fraction.  Iodide  ac- 
cutnulation  in  vivo  appeared  to  be  indei)endent  of  the  level  of  thyrotroitic  hor¬ 
mone. 

Slices  of  the  tumor  concentratt'  iodide  with  a  gradient  (T/M  ratio)  ranging 
from  8  to  44.  The  gradient  is  largelj’  abolished  by  various  anions  such  as  (’104~, 
SeC'N~,  SCN~  and  by  certain  agents  which  uncouple  oxidative  phosi)horyla- 
tion,  such  as  dinitrophenol  and  dicumarol.  Thyroxine  and  triiodothyronine  have 
no  significant  effect  on  the  T/M  ratio  at  1  10“bl/. 

The  defect  in  hormone  synthesis  seems  to  lie  with  the  iodinating  system 
since  unlabeled  thyroglobulin  appears  to  be  ])resent.  'I'he  ability  to  deiodinatc 
L-diiodotyrosine  has  also  been  lost. 

.  The  iodide  concentrating  mechanism  of  the  tumor  differs  from  that  of  nor¬ 
mal  sheep  thyroid  tissue  by  its  marktally  decreased  sensitivity  to  certain  canliac 
glycosides  which  were  shown  to  inhibit  thyroidal  iodide  concentration. 

IN  19o0  Stanhury  and  Hedge  (1)  first  reported  a  family  of  goitrous 
eretins  who.se  thyroid  glands  had  lost  the  ability  to  synthesize  the 
thyroid  hormones  but  could  still  accumulate  iodide.  This  iodide  could  be 
di.seharged  to  a  large  extent  by  the  administration  of  SCN~.  Such  a  defect 
has  since  been. described  by  several  others  (2,  3),  and  most  recently, 
Morgans  and  Trotter  (4)  have  reported  a  partial  defect  of  this  type  in  two 
siblings  in  whom  nerve  deafness  was  associated  with  goiter.  The  two  chil¬ 
dren  had  apparently  synthesized  sufficient  hormone  for  normal  growth  and 
intelligence,  but  P®'  accumulated  in  their  thyroid  glands  could  be  partially 

‘  Presented  at  the  meeting  of  the  .\meri<-an  (loiter  .Vs8ociatio!i,  San  Francisco,  C’ali- 
fornia,  June  18,  19.58. 
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dii^chargcd  by  the  admiinstratioii  of  perchlorate.  This  phenomenon  is  not 
demonstrable  in  the  normal  thyroid,  presumably  because  trapping  of  iodide 
is  the  rate  limiting  step  in  the  biosynthesis  of  thyroxine  by  normal  thyroid 
tissue. 

It  has  recently  been  our  good  fortune  to  discover  a  similar  defect  in  a 
transplantable  thyroid  tumor  of  rats  and  the  present  report  deals  with 
experiments  performed  in  this  preparation. 

EXPERIMENTAL 

'I'he  tumor  (‘inj)l<)y(‘(l  iu  this  study  was  oiu'of  a  soriosof  trausj)lautal)lo  thyroid  tumors 
ill  the  rat  developed  by  Dr.  S.  H.  Wollman  of  the  National  Cancer  Institute,  and  desif!;- 
nated  “Line  l-.5.\”  in  his  classification  (5).  The  initial  tumors  were  Kcneroush'  suiiplied 
l)\-  Dr.  Wollman  and  the  studies  reported  here  cover  generations  15  through  21  of  this 
tumor.  They  were  transplanted  subcutaneouslj-  into  the  right  and  left  flanks  of  female 
rats  of  the  Fischer  strain  with  100%  “takes,”  and  were  allowed  to  grow  for  from  four  to 
ti'ii  weeks.  The  rats  were  maintained  on  Purina  Laboratory  ('how  and  water  od  lib. 
l)lus  greens  once  a  week.  Transiilantation  into  male  Spraguc-Dawley  rats  gave  no 
“takes.” 

For  in  vivo  studies,  tumors  of  sufficiently  small  size  were  chosen  to  be  seen  in  their 
entirety  through  the  one  inch  hole  of  the  lead  shield.  They  were  counted  uniler  light  ether 
anesthesia  according  to  the  nu'thod  of  Wolff  (fi).  .\  rate  nuder,  recortling  impulses  from 
till'  same  deti'ctor,  was  usial  to  center  the  tumors.  Correction  for  body  background,  be¬ 
cause  of  changes  in  (‘quipment,  was  different  than  that  previously  employed.  It  was 
found  empirically  that  subtraction  of  twice  the  body  background  (measured  over  tlie 
lower  chest)  from  the  combined  counts  in  the  right  and  left  tumors  gave  results  within 
10%  of  those  obtained  by  counting  the  tumor  after  removal  from  the  animal.  For  reasons 
not  entirely  clear,  the  best  correction  after  SCN“  treatment  was  obtained  by  subtracting 
only  1  X  the  body  background  from  the  pooled  right  and  left  tumor  counts.  Thiocj’anate 
was  administered  intraperitoneally  as  shown  in  Figure  3. 

To  determine  the  extent  of  organification,  tumors  were  removed  at  various  intervals 
after  1'^*  injection  and  ground  with  cold  10%  trichloracetic  acid,  2  ml.  per  200  mg.,  cen¬ 
trifuged,  and  washed  three  times  with  2.5  ml.  of  cold  5%  trichloracetic  acid;  or,  tumors 
were  homogenized  with  proinlthiouracil  solution  (3- 10“^.!/)  and  chromatographed  in 
n-butanol ; acetic  acidtHjO  (75:10:15),  n-butanol  equilibrated  with  2N  NH4()1I,  or 
n-butanol  :dioxane  (.S0:20)  ecjuilibrated  with  2N  NH4OH.  Salt  fractionation  and  ultra¬ 
centrifugal  analysis  of  tumor  extracts  3  days  after  P”  injection  were  carried  out  as  de- 
scribecl  in  a  subseejuent  report  (7).  The  very  small  fraction  of  radioactivity  that  became 
incorporated  into  |)rotein  was  hj’drolyzed  with  crude  pancreatin  in  Tris  buffer  at  j)!! 
.S.4  for  48  hours  at  37°  (’  and  chromatographed  in  the  above  solvents. 

Tumors  studied  in  vitro  were  sliced  free  hand  and  incubated  in  Krebs-Ringer  phos- 
jdiate  medium  under  air  or  O2  plus  the  additions  noted.  No  differences  were  noted  be¬ 
tween  the  use  of  air  or  Oo  as  the  gas  phase.  The  tumor  slices  were  so  friable  that  it  was 
found  necessary  to  centrifuge  all  media  briefly  to  remove  debris  in  order  to  calculate 
the  T/M  ratio.  .Vll  values  are  expressed  on  the  basis  of  the  final  weight  of  the  slices. 
When  sheep  thyroid  slices  were  used  for  comparison,  they  were  prepared  in  a  similar 
manner  and  labeled  in  vitroin  the  presenceof  1-3  X  10~’.l/  l-methyl-2-mercapto-imidazole. 

The  2,4-dinitrophenol  was  twice  recrystallized  from  acetone.  Dicumarol  was  obtained 
from  the  Mann  Research  laboratories.  New  York,  N.  Y.  and  was  used  without  further 
purifiration.  KSeCN  was  supplied  bj'  the  Bios  Laboratories,  New  York,  N.  Y.  The 
thyrotropin  (TSH)  was  either  the  .\rmour  product  or  was  kindly  supplied  by  Dr.  Peter 
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Condliffe.  Crystalline  glutamic  dehydroKenase  was  ohtiiinod  from  Roehringer  &  Sons, 
and  TPN  and  TPNII  from  the  Sigma  Co.- 

RESULTS  AND  DISCUSSION 

Tumors  harvested  between  fiv’e  and  ten  weeks  after  transplantation 
ranged  in  weiglit  from  about  8.0  to  28  gm.  for  rats  weighing  in  the  neiglibor- 
hood  of  loO  gm.  Tliis  histologic  appearance  varied  from  a  fairh'  well  dif¬ 
ferentiated  type  with  preservation  of  the  follicular  pattern  but  non-uniform 
arrangement  of  cells  (Fig.  la),  to  a  poorly  differentiated  type  without 
follicles  in  which  the  cells  were  arranged  in  small,  solid  nests  (Fig.  lb). 
The  nuclei  varied  considerably  in  size  and  location  within  the  cell.  The 


Figs,  la  and  Ih.  Thyroid  tumors  from  rats  of  Line  l-oA.  Hematoxylin  and  eosin 

(X485) 


histological  appearance  is  consistent  with  adenocarcinoma  of  the  thyroid. 
Older  tumors  tended  to  have  necrotic  areas  and  occasional  cysts  fdled  with 
clear  yellow  fluid. 

In  vivo  studies 

Following  the  intraperitoneal  injection  of  radioiodide,  the  maximum 
content  of  the  tumors  was  found  at  0.5  to  2.5  hours  and  amounted  to  ap¬ 
proximately  40  to  70%  of  the  injected  do.se  (Fig.  3).  The  P*’  content  was 
roughly  proportional  to  the  size  of  the  tumor.  Radioactivity  rapidly  dis- 

*  -Vbhreviations  used  arc  TPN  for  triphosphopyridine  nucleotide,  TPNH  for  reduced 
triphosphopyridine  nucleotide,  TSH  for  thyrotropin,  T3  for  L-3,5-3'-triiodothyronine, 
DNP  for  2,4-dinitrophenol,  T/M  for  tissuermedium  concentration  ratio  of  I'®*. 
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appeared  from  the  tumors  with  a  lialf-life  of  approximately  4-8  hours 
(Fig.  2). 

Early  peaking  of  thyroidal  radioactivity  followed  hy  a  rapid  decline  sug¬ 
gested  blocking  of  organic  binding  in  the  thyroid  tissue  similar  to  effects 
produced  by  propylthiouracil  (8),  Analy.sis  of  tumor  tissue  for  iodide  and 


Fig.  2.  I'”  accuinulation  and  rcloasn  in 
vivo  in  tlirco  thyroid  tumors  of  Line  1-5A. 
1..')  /le.  of  carrier-free  I''"-i(»dide  were  in- 
jeeted  intraperitoneally  at  zero  time. 


HOURS 


Fig.  .3.  The  Fffeet  of  NaSCN  on  tumor 
p-n  10  fie.  of  earrier-free  l‘*'-iodide 

were  injeeted  intraperitoneally  at  zero 
time.  NaS(’N  was  injeete<l  intraperitone- 
allv  after  200  minntes. 


organic  iodine  revealed  that  nearly  all  of  the  radioactivity  present  behaved 
like  iodide  (Table  1).  The  non-iodide  radioactivity  did  not  behave  as  thyro- 
globulin,  but  was  found  in  the  “particulate”  fraction  of  the  tumor  (7).  It 
yielded,  upon  pancreatin  hydrolysis  at  pH  8.4  for  48  hours:  :i()%  rnonoiodo- 
tyrosine,  4%  diiodotyrosine,  26%  iodide,  9%  organic  material  and  25% 
unidentified  radioactivity  near  the  solv’ent  front. 

If  at  least  98-99%  of  the  tumor  radioactivity  was  iodide,  then  this  should 
be  discharged  by  the  administration  of  SCX~.  As  .shown  in  Fig.  8,  the 
major  portion  of  the  was,  in  fact,  di.scharged  by  the  intraperitoneal  in- 
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jectioii  of  10  mg.  XaSCX.  Of  the  remaining  radioactivity  9S.()%  was  tri¬ 
chloracetic  acid  soluble  (Table  1)  which  compared  favorably  with  the 
value  of  98.2%  for  the  P*'  of  livers  of  the  same  animats. 

Although  Wollman  and  Heed  (5)  had  shown  that  this  tumor  was  no 
longer  dependent /or  groivlh  upon  antithyroid  treatment  of  the  host,  it  was 
of  some  interest  to  .see  if  there  remained  a  functional  dependence  upon  the 
level  of  available  thyrotropin  (TSH).  Accordingly,  the  “uptake”  and  re- 
lea.'ie  curves  of  the  tumors  of  six  rats  were  mea.sured  during  control  condi¬ 
tions,  and  subsequently  after  treatment  with  two  daily  subcutaneous  in¬ 
jections  of  lo  U.8.P.  units  of  TSH  for  two  days.  In  a  third  experiment  on 
three  of  these  six  rats,  5  mK-  of  L-triiodothyronine  were  injected  intraperi- 
toneally  twice  a  day  for  a  total  of  seven  injection,  following  which  “uptake” 
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Time  after  I*’* 
injection 

Per  cent  of  iodide 

Method  of  analj'sis 

1  hour 

t»l».2 

TC.\  soluble  fraction 

8  hour.s* 

!l8.(i 

T(b\  soluble  fraction 

21  hour.'< 

'.>8 

('liromatography  t 

DialysisJ 

a  <lay.'<§ 

'.l.'j-iH) 

Chromatograjihy 

Homogenization  &  Extraction 

*  liour.s  after  ino.'st  of  the  I”*  was  discharged  by  S('X“ — see  fig.  d. 
t  .\verage  values  with  three  solvents;  Hiitanol : acetic  aeidlHoO,  butanol :aiiunonia(‘2X), 
butanol  :dioxane:aininonia(2N). 

X  1-ml.  of  homogenized  tissue  vs.  tib  of  water. 

§  These  animals  had  been  thyroideetomized  li)  days  jirior  to  study  in  order  to  obviate 
inelusion  of  material  of  thyroid  origin. 


and  release  curves  were  again  performed.  The  results,  depicted  in  Fig.  I, 
demonstrate  quite  clearly  that  alterations  in  thyrotropic  stimulation  by 
large  do.'^es  of  either  TSH  or  triiodothyronine  failed  to  alter  significantly 
either  the  maximum  amount  of  radioactivity  found  in  the  tumor,  or  the 
release  rate  (biological  half-life)  of  the  accumulated  P*h  That  the  TSH 
used  was  an  active  preparation  is  shown  by  the  increa.sed  P®'  content  of 
the  thyroids  of  these  rats.  The  considerable  but  unchanging  P®^  in  the 
thyroids  of  the  triiodothyronine  treated  rats  can  be  accounted  for  by  re- 
.sidual  radioactivity  from  the  previous  experiment. 

In  vitro  studies  . 

Optimal  iodide  trapping  could  be  demonstrated  without  the  addition  of 
an  antithyroid  agent,  hence  the  pr^'sent  system  offered  an  unusually  good 
opportunity  to  study  the  trapping  mechanism.  Except  for  old  tumors, 
which  exhibited  considerable  necrosis  and  low  iodide  concentrating  ability, 
the  in  vitro  concentration  gradients  (T/M  ratios)  varied  from  8  to  44  in 
slices  of  the  tumor  for  five  generations.  Equilibration  with  the  medium 
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occuircd  at  HO-OO  minutes  at  37°C  and  most  determinations  were  carried 
out  at  00  or  00  minutes.  The  equilibrium  value  was  maintained  for  several 
hours  and  then  gradually  declined. 

Intact  cell  structure  appeared  to  be  required  since  equilibrium  dialysis 
through  “Visking”  sausage  casing  of  a  20%  homogenate  of  the  tumor  (in 
0.2o  M  sucrose)  for  periods  up  to  48  hours  at  4°  C  yielded  a  gradient  of 
only  1.01  in  favor  of  the  protein  containing  compartment.  Ultrafiltration 
through  the  same  membrane  yielded  a  mean  gradient  of  1.10. 

A  variety  of  agents  has  been  shown  to  be  able  to  reduce  or  abolish  iodide 
concentration  in  normal  thyroid  tissue  (0,  10).  A  similar  effect  was  exerted 
by  these  agents  in  slices  of  this  tumor.  Uncoupling  agents,  such  as  2,4- 
dinitrophenol  or  dicumarol,  markedly  reduce  the  T  M  ratio  (Table  2).  It 
is  of  some  interest  that  thyroxine  and  triiodothyronine  (1  10 M/),  also 


Fjg.  4.  The  Kffc'ct  of  thyrotroi)in  (T8H, 
1.5  U.S.P.  units  suhcutiiiu'ously  h.i.d.)  and 
L-triiodothyroniiu*  (Tj,  .5/xk-  intraporitoiu'- 
ally  h.i.d.)  on  the  accninnlation  and  roloasc 
of  tumor  and  thyroid  I’’*.  Aj)proximat('ly 
1..5  /ic.  of  carrier-freo  I'’'-io<lid('  were  iu- 
jeeted  intraperitoneally  for  eaeh  period, 
control,  TSH  and  T3,  at  zero  time.  Xnm- 
hers  in  parenthesis  indicate  number  of  rats 
used. 

0  2  4  6  8  10  12 

HOURS 

known  to  uncouple  oxidative  phosphorylation  in  mitochondria  of  liver  or 
kidney  at  the.se  concentrations  (11),  failed  to  lower  the  T  M  ratio  in  tumor 
or  sheep  thyroid  .slices.  Triiodothyroacetic  acid  (lO^’d/)  had  a  slight  de¬ 
pressing  effect.  The  failure  to  lower  the  T  M  ratio  may  be  due  to  permea¬ 
bility  effects.  The  pos.sibility  that  the  div’alent  cations  Mg++  or  Ca++  would 
bind  the  available  thy  roxine  or  triiodothyronine  was  ruled  out  by  omission 
of  these  ions.  Under  these  conditions,  control  T  M  ratios  were  only  slightly 
lower  and  they  were  not  altered  by  the  thyroid  hormones.  The  po.ssibility 
that  thyroid  tissue  is  not  .sensitive  to  uncoupling  by  its  own  products  is, 
however,  still  being  considered. 

Thyrotropic  hormone  at  rather  high  levels  did  not  influence  the  ability 
to  concentrate  iodide  in  tumor  slices  and  l-methyl-2-mercaptoimidazole 
similarly  had  no  augmentative  effect  (Table  2). 

It  was  shown  above  that  in  in  vivo  experiments,  thiocyanate  ion  dis¬ 
charged  iodide  ion  from  the  tumor.  It  was  thus  of  .some  interest  to  compare 
the  series  cyanate  (-OCX),  thiocyanate  (-SCX)  and  selenocyanate  (-SeCX) 
in  vitro  (Table  2).  Telurocyanate  was  unfortunately  not  available.  The 
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TaBLK  2.  luDIDi:  CONCKNTRATIOX  BY  SI, ICES  OF  HAT  THYKOII)  TI'MOK  AS 

I.NFl.l  EXCKl)  BY  VARIOUS  AGENTS 


.\gent 

Concentration 

Per  cent  of 
control 

T/M  ratio* 

M 

2,  f-Dinifroiiheuol 

1  !()-< 

0 

1  ■  10-5 

48 

1  )ieum.*ir(il 

1  10--' 

(> 

2.:{  10-5 

M 

1  10-5 

81 

I,-Thvroxiiu“ 

1  !()-< 

108 

I.-Thvroxiue  (  — 

1  10-< 

90 

I.-Thyroxiiie  (— Mg*^,  — Ca'*^) 

1  •  10-^ 

109 

I.-Ti'iiodothvroiiine 

1  •  10-^ 

10') 

L-Triio(Iof  hyronine  (  —  Mg'^'^) 

1  •  10-^ 

109 

Triiodothvroaeetate 

1  •  !()-< 

81 

Triiodothyroaeetate  ( —  Mg^^) 

1  •  io-< 

74 

TSII 

1  unit /ml. 

8() 

l-Methyl-2-mereapt()-imidazolc 

1  ■  10-5 

97 

K(k;x 

:{  10-5 

100 

KSCX 

:« •  10  5 

10 

KSeCX 

:5  •  10  5 

9 

Kf'lO, 

:i  10  ' 

8 

*  Each  value  represents  the  mean  of  at  U'ast  three  flasks.  Since  ditTerent  tumors  with  ditfer- 
ent  control  T/M  ratios  were  useil  (range:  Id  to  2t>)  values  are  expressed  as  jier  cent  of  the 
appropriate  control. 


oxygen  analogue  failed  to  discharge  significant  quantities  of  iodide  from 
the  tumor  slices,  whereas  both  the  thio-  and  seleno-eyanates  were  very 
active. 

The  isolation  of  the  trapping  mechanism  with  a  nearly  complete  l)lo(*k 
in  the  further  metabolism  of  iodine  led  us  to  sj,  culate  on  the  missing  step. 
It  was  possible  that  the  ability  to  synthe.size  the  required  substrate,  thyro- 
globulin,  had  been  lost.  Ultracentrifugal  analy.sis  of  saline  extracts  of  the 
tumor  (Fig.  .5)  revealed  material  with  a  sedimentation  coefficient  like  that 
of  thyroglobulin  (8-20=19)  (7).  Although  the  amount  was  much  less  than 
that  generally  found  in  .saline  extracts  of  normal  thyroid  tissue,  it  was  of 
the  same  order  as  that  found  in  another  transplantable  rat  thyroid  tumor 
(Line  1-8)  in  which  iodination  of  a  protein  indistinguishable  from  normal 
rat  thyroglobulin  readily  occurred.  The  fraction  obtained  by  .salting  out 
between  1.4  M  and  1.7o  M  potassium  phosphate  buffer  was  enriched  in 
protein  with  a  behavior  characteristic  of  thyroglobulin  (Fig.  6).  While  it  is 
possible  that  the  protein  found  here  was  abnormal  in  a  .subtle  manner  not 
detected  by  these  methods,  it  appears  likely  that  uniodinated  thyroglobu- 


5 


s 


WOLFF,  ROHHIXS  AND  HALL 


Volume  64 


RAT  THYROID  TUMORS 


WHOLE  EXTRACT 


S20!  ^ 


Fig.  <).  Sclilioroii  jiattorii  of  fnictioiis 
obtained  from  saline  extracts  of  two  rat 
thyroid  tumors  and  one  normal  rat  thyroid 
run  in  the  Spineo  Model  E  ultraeentrifuge 
at  59,S00  rjim.  Each  fraction  is  that  por¬ 
tion  of  the  extract  precipitating  between 
the  limits  of  1.4  .1/  and  1.75  M  potassium 
phosphate  buffer,  pH  0.5  (ef.  ref.  7).  Each 
fraction  was  dialyzed  against  a  large 
volume  of  .001  M  potassium  phosphati' 
buffer,  lyophylized,  and  dissolved  in  0.15 
.1/  Na('l  at  a  concentration  of  4  mg./ml. 
The  upper  curve  is  from  rat  tumor  line 
1-5.V.  The  middle  curve  is  from  rat  tumor 
line  1-8.  The  sedimentation  coefficients  are 
given  in  Svedbergs.  The  area  under  the 
18-20S  peaks  are  18%  of  th(‘  total  in  the 
upper  curve,  27%  in  the  middle  curve,  and 
81%  in  the  lower  curve. 


Fig.  5.  Sehlieren  pattern  of  saline  ex¬ 
tracts  of  two  rat  thyroid  tumors,  run  si¬ 
multaneously  in  the  Spineo  Model  li 
ultracentrifuge  at  59,800  rpm.  'I'lie  ex¬ 
tracts  were  dialyzed  against  a  large  volume 
of  .001  .1/  potassium  phosphate  buffer, 
pH  0.5,  lyophylized,  and  dissolved  in 
.15  M  NaCl  at  a  concentration  of  10  mg. 
jier  ml.  The  upper  curve  is  the  material 
from  tumor  line  1-8  (cf.  ref.  7)  in  a  cell 
with  one  prismatic  face.  The  lower  curve 
is  the  material  from  tumor  line  1-5.V  in  a 
standard  cell.  The  sedimentation  coeffi¬ 
cients  given  in  Svedbergs  wen*  identical 
for  the  two  extracts.  The  apparent  dif¬ 
ference  in  displacement  of  the  peaks  is  due 
to  the  difference  in  position  of  the  menisci. 
The  area  under  the  19S  peak  is  4%  of  the 
total  in  the  upper  curve,  0%  in  the  lower. 


I.4-I.75M  PHOSPHATE  FRACTION 
RAT  THYROID  TUMORS 


RAT  NORMAL  THYROID 
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lin  was  present  and  that  the  defect  was  in  tlie  iodination  system  and  not  in 
its  substrate,  tliyroglobulin. 

Another  system  of  importance  to  the  iodine  economy  of  the  normal 
gland  is  the  deiodinating  system  for  free  io<lotyrosines  (12)  recently  de¬ 
scribed  in  detail  (13).  While  no  apparent  “need”  would  exist  for  such  an 
enzyme  in  a  tumor  that  has  lost  practically  all  of  its  ability  to  synthesize 
organic  iodine  compounds,  the  possibility  nevertheless  existed  that  (his 
function  had  not  been  lost.  As  can  be  seen  from  Table  3  there  was  essen¬ 
tially  no  L-diiodotyrosine  deiodinating  activity  in  this  tumor,  fiven  though 
we  were  unable  to  prepare  normal  homogenates  quite  as  active  as  those  of 


TaBI.K  a.  DeioDIXATIoX  ok  I.-DiIODOTYKOSIXK  by  THYKOII)  TIMOR  TISSI  E 


Tissue 

m^iinoles  of  iodide  lil)(<rated 
from  iliiodotyrosine 

Tumor  sliees 

<0.1 

Tumor  homogenate 

0.4 

Tumor  homogenate  (lioiled) 

0 . 2 

Tumor  homogmiate+Tl’NH* 

0.1 

Sheep  tliyroitl  liomogenate 

8.0 

All  flasks  coiitaiiied  Ifl.S  niMniolcs  of  L-diiodotyrosinc  lahi'lcd  with  I'®'.  Hi.")  in}!;,  of  slices 
were  incubated  in  8  ml.  of  Krehs-Hinner  iihospluite  solution.  lIonio)t(>nates  were  ])rep;ired 
in  ().88M  sucrose  and  an  amount  ecpiivalent  to  2.')t)  ni}!;.  of  fresh  tissue  was  added  to  Kreb.s- 
UinRer  phosjihato  (pH  7.4)  to  a  final  volume  of  8.t)  ml. 

*  (ieneratin){  system  2.Tt)  mK-  crystalline  t'lutamic  dehydrogenase,  0.24  /inioles  Tl’X, 
2  /inioles  nicotinamide,  2  Minoles  glutamate;  or  0.54  #im<>les  Tl’XH  and  2  #imoles  nicotin¬ 
amide. 

Stanbury  (13)  it  seems  safe  to  conclude  that  nearly  all  of  this  activity  h;id 
disappeared  from  the  tumors.  Furthermore,  a  lo.ss  of  TPXH-generating 
ability,  which  may  have  occurred  in  the  tumors,  could  not  explain  the  ab¬ 
sence  of  deiodinating  activity,  since  addition  of  TPXH,  or  a  very  active 
preparation  of  glutamic  dehydrogenase  with  TPX  and  glutamate,  failed  to 
restore  activity  (Table  3). 


COMMENTS 

It  appears  .safe  to  conclude  that  the  transplantable  thyroid  tumor  de¬ 
scribed  above  repre.sents  an  iodide  concentrating  mechanism  that  is  iso¬ 
lated  from  the  remaining  pathways  of  iodine  metabolism  by  a  defect  in  the 
ability  to  form  organic  iodine.  The  (piestion  now  arises  as  to  the  normalcy 
of  the  “trap”  in  this  tumor.  The  normal  range  of  the  T/M  ratio,  the  rapid 
discharge  of  from  the  tumor  in  vivo,  the  chemical  behavior  of  the  P*‘ 
as  iodide,  and  the  response  to  various  inhibitors  all  are  properties  indis¬ 
tinguishable  from  the  “trap”  of  normal  thyroid  tis.sue.  It  is  tempting  to 
postulate  therefore,  that  the  lack  of  respon.se  in  vivo  to  alterations  of  the 
TSH  level  described  above  must  mean  that  the  trophic  hormone  does  not 
influence  the  iodide  concentrating  mechanism  directly,  but  does  so  via 
other  factors.  VanderLaan  and  Caplan  (14)  and  Halmi  and  Hpirtos  (15) 
have  suggested  that  reduction  in  organic  thyroid  iodine  enhances  the  thy- 
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roid  iodide  “trap”  independently  of  TSH.  Ass  the  present  tumor  has  very 
little,  if  any,  hormone  iodine  in  it  to  begin  with,  such  a  mechanism  could 
not  be  operative.  TSH  therefore,  (if  depre.ssion  of  thyroid  organic  iodine 
were  the  sole  mechanism  by  which  it  influences  iodide  concentration)  would 
be  ineffective  in  this  tissue.  There  are,  however,  data  to  suggest  that  even  in 
a  situation  in  which  TSH  is  unable  to  change  the  organic  thyroid  iodine 
content,  it  may  still  enhance  iodide  trapping.  VanderLaan  and  (Jreer  (1(5) 
and  Taurog  ct  al.  (17)  have  shown  that  in  propylthiouracil  treated  rats 
who.se  thyroids  were  depleted  of  iodine,  hypophy.sectomy  reduces  the  T  S 
ratio,  and  the  latter  workers  further  showed  that  subsequent  TSH  ele¬ 
vated  thyroid  iodide  concentration. 

.Ml  the  propcuties  of  the  “trap”  in  the  tumor,  however,  may  not  be  iden¬ 
tical  with  tho.se  of  normal  thyroid  ti.ssue.  One  difference  has  been  detected 
between  the  iodide  trap  in  the  tumor  and  in  normal  thyroid  tissue.  It  has 


Table  4.  Inhibition’  of  iodide  tkansport  by  cardiac  hi.ycosides 


! 

('onceiitratioii  for  .50%  i 

iiiliiliition  of  the  T  .M  ratio* 

Slipc))  thyroid  slices 

Rat  tumor  slices 

.M 

t 

Digitoxin 

2X10-- 

-  1  ..5X  10  ’ 

Slro|)liantln(lin  ! 

.5X10-’ 

^  9X10  ’ 

*  lii(‘iil)at(‘(l  at  a7°  ('  uiidi'i’  air  in  iNrclis-HiiiKcr  iiliospliatc  liulTpr  |)U  7.4  lor  70  00 
iiiiniitc.'i. 


recently  been  shown  (18)  that  a  variety  of  cardiac  glyco.sides  or  their  agly- 
cones,  such  as  strophanthidin,  which  are  known  to  interfere  with  cation  and 
anion  transport,  (19,  20,  21)  can  block  iodide  accumulation  by  normal  thy¬ 
roid  tis.sue.  .Vs  can  be  .seen  in  Table  4,  the  iodide  “trap”  in  slices  of  this  tu¬ 
mor  was  approximately  1000  times  less  sensitive  to  the  cardiac  glycosides 
than  that  of  normal  sheep  thyroid  .slices.  Since  the  iodide  “trap”  in  this 
tumor  differs  in  at  least  one  respect  from  that  in  normal  sheep  thyroid  fis¬ 
sile,  it  may  not  be  justifiable  to  draw  conclusions  about  the  normal  “trap” 
from  the  pre.sent  experiments. 
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lODOPROTEIXS  IN  THYROID  TISSUE  AND  BLOOD  OE  RATS 
WITH  A  TRANSPLANTABLE  THYROID  TILMOIP 

JACOB  ROBBINS,  J.  WOLFE  and  J.  E.  BALL 

Clinical  Endocrinologij  Branch,  Xational  Instlilnlc  of  Arthritis  and  Metabolic  Distasts, 
Xational  Institutes  of  Health,  Bethesda,  Maryland 

ABSTRACT 

lodoprotcins  other  than  thyroglohulin  have  l)een  deteeted  in  a  traiisplanta- 
l)le  rat  thyroid  tumor  (Wollinan)  in  which  iodine  compounds  were  lal)eled  with 
1'^*  either  in  vivo  or  in  vitro. 

Two  types  of  iodoprotein  were  found.  One  was  not  extractable  from  ulass 
Iiomogenized  tissue  by  0.15  .1/  XaCl,  and  is  termed  “particulate  iodoi)rotein,” 
or  “P-1.”  In  in  vivo  experiments,  it  increased  with  time  after  I'®'  administration 
from  about  15%  to  about  70%  of  the  total  organic  iodine  in  the  tumor.  Cell 
particle  fractionation  identified  this  material  with  the  “nuclear”  fraction. 

The  second  type  of  iodoprotein  was  readily  extracted  from  previously  frozen 
tissue  slices,  t’nlike  thyroglobulin,  it  was  soluble  in  1.89.1/  KlLPOi  — K2IIPO4, 
sedimented  slowly  in  the  ultracentrifuge,  and  appeared  multidisj)erse  on  zone 
electrophoresis.  This  iodo])rotein  fraction  comprise*!  3  to  9%  of  the  s*»luble  ido- 
j)roteins,  the  remainder  being  thyroglobulin,  and  its  amount  relative  to  thyro¬ 
globulin  did  not  change  with  time  after  I”'  administration.  It  has  been  termed 
“thyroid  S-1  iodoj)rotein.” 

Rats  bearing  the  thyroid  tumor  were  also  found  to  have  iodoprotein  circu¬ 
lating  in  the  blood.  Characterization  of  this  material  revealed  it  to  be  similar  to 
thyroid  S-1  iodoprotein,  but  perhaps  not  identical.  It  has  been  termed  “serum 
S-1  iodoj)rotein.” 

.Vll  of  these  iodoi)roteins  could  be  hy<lrolyzed  by  a  crude  pancreatic  enzyme 
mixture,  with  the  liberation  of  iodinated  amino  acids  of  the  type  found  in  thyro¬ 
globulin.  When  compared  to  thyroglobulin  in  the  same  tumor,  however,  they 
had  lower  iodinated  thyronine: tyrosine  ratios,  and  the  thyroiil  and  serum  S-1 
iodoproteins  had  lower  diiodotyrosin(‘:monoiodotyrosine  ratios  as  well.  The 
particulate  iodoprotein  also  had  a  higher  triiodothyronine ithyroxinc  ratio 
compared  to  thyroglobulin. 

Time  studies,  while  inconclusive,  did  not  supjjort  the  possibility  that  P-1 
iodoprotein  might  be  a  precursor  of  thyroglobulin.  It  api)eared  likely,  however, 
that  thyroid  S-1  iodoi)rot<‘in  was  the  jjreeursor  of  serum  S-1  iodo))rotein. 

COMPARATIVELY  little  attention  has  been  given  to  naturally  oceur- 
ring  vertebrate  iodoproteins.  The  earlier  work  on  this  subject,  and 
more  recent  experiments  by  Derrien  and  co-workers,  have  been  reviewed 
by  Roche  and  Michel  (1).  They  concluded  that  “the  normal  gland  synthe¬ 
sizes  only  a  single  substance  for  iodination.  Different  thyroglobulins  exist 
only  among  different  animal  species  and  in  alinormal  organs  but  each  of 
these  thyroglobulins  may  be  more  or  less  iodinated.”  Since  that  time,  only 

‘  Presented  in  part  at  the  1958  Meeting  of  The  .American  (loiter  .Vssociation. 
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a  few  reports  liave  appeared  on  tliis  subject.  Shulinaii,  Rose  and  Witel)sky 
have  compared  the  proteins  (but  not  iiece.ssarily  iodoproteins)  in  extracts 
of  normal  and  abnormal  thyroid  tissue  by  nltracentrifnf>:al  and  electro¬ 
phoretic  analysis  (2,  3),  and  have  isolated  a  protein  fraction  which  is  more 
soluble  in  ammonium  sulfate  than  thyroglobnlin,  and  which  they  have, 
designated  “thyralbnmin”  (4).  Recently  the  fraction  containing  “thyral- 
bnmin”  was  shown  to  also  contain  iodine  (o).  Stanley  and  co-workers  de¬ 
scribed  differences  in  the  salting  out  of  iodine  in  normal  and  abnormal  thy¬ 
roid  tissues  (0),  and  found  an  apparent  difference  in  electrophoretic  mobil¬ 
ity  of  thyroglobulin  isolated  from  normal  and  abnormal  tissue  in  one 
human  subject  (7).  Immunological  differences  have  been  noted  in  thyroid 
proteins  derived  from  different  species  (S,  f))  and  from  normal  and  abnor¬ 
mal  thyroid  tissue  in  the  same  .subject  (.4).  Roche  and  co-workers  (10)  found 
that  the  salting  out  curves  of  thyroid  iodoproteins  were  identical  in  a 
normal  subject  and  in  patients  with  Clraves’  disease. 

lodoprotein  has  not  been  found  in  the  blood  of  normal  individuals,  al¬ 
though  the  circulating  iodine,  largely  in  the  form  of  thyroxine,  is  reversibly 
bound  to  certain  serum  proteins  (ll).  An  iodoprotein  with  the  immuno¬ 
chemical  and  or  physical  characteristics  of  thyroglobulin  has,  however, 
been  detected  in  blood  after  surgical  manipulation  (12)  or  radiation  ther¬ 
apy  (Id)  of  thyroid  tissue.  Iodoproteins  have  also  been  found  in  the  blood 
of  human  subjects  with  various  thyroid  disorders  such  as  thyroid  carci¬ 
noma  (14,  lo),  thyroiditis  (1(5,  17,  18),  congenital  goiters  (19,  20),  and 
hypothyroidism  (21,  22).  In  a  few  reports  (14,  15,  20)  this  material  has 
been  characterized  sufficiently  to  differentiate  it  from  thyroglobulin  and 
from  iodinated  serum  protein.  In  animals,  iodoprotein  has  been  demon¬ 
strated  in  thyroid  vein  blood  in  the  calf  (23)  and  in  thyroid  lymph  in  the 
dog  (24),  but  its  identity  was  not  established. 

TJiis  report  presents  the  findings  in  a  study  of  iodoproteins  in  thyroid 
tissue  and  blood  in  rats  bearing  a  transplantable  thyroid  tumor  which  has 
the  ability  to  form  organic  iodine.  The  accompanying  paper  (25)  pre.sents 
similar  studies  on  normal  and  abnormal  thyroid  tissue  in  human  subjects 
and  in  normal  sheep  thyroid.  In  all  instances,  iodoproteins  other  than 
thyroglobulin  have  been  observed. 

MATERIALS  AXD  METHODS 

'I'ho  thyroid  tumor  emplojed  throughout  these  studies  was  one  of  a  series  of  tliyroid 
tumors  develoj)ed  in  Fiselier  rats  by  Wollman  and  Reed  (2(5).  Initially  resulting  from  the 
administration  of  thiouraeil  to  normal  animals,  this  tumor  had,  in  the  jjrocess  of  serial 
suheufaneous  transplantation,  become  autonomous.  The  tumor  selected  for  this  study 
(designated  Line  1-8  in  Wollman’s  classification)  retained  a  high  degree  of  function  both 
in  accumulation  and  organification  of  iodine.  Indeed,  this  tumor  secreted  sufficient 
hormonal  iodine  to  ])roduee  supi)res3ion  of  iodine  accumulation  by  the  host’s  normal  thy¬ 
roid  gland,  presumably  as  a  result  of  a  suppression  of  pituitary  thyrotropic  secretion. 
The  protein-bound  iodine  (RBI)  measured  in  serum  or  plasma  of  five  of  the  animals 
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under  stinly  ranged  from  o.d  to  17  mK-  piT  Idd  ml.-  (Xormal  jdasma  FBI  in  Fiselier  rats 
was  fouinl  to  be  l.b  to  2.4  m'.  per  100  ml.).  'I'ln'  butanol-extraetal)l(‘  iodine  (Bid)  in 
three  tumor-beariiiK  animals,  however,  was  2.1  to  2.9  mk.  per  100  ml.  (ef.  below). 

All  of  the  tumors  used  were  derived  from  a  single  tumor  (Wollman’s  line  l-S,  f?ener- 
ation  12)  whieh  was  earrie<l  by  subeutaneous  implantation  through  three  gcmerations 
of  female  rats  during  the  eourse  of  this  study.  The  tumor  did  not  appear  to  undergo 
signifieant  alteration  in  funetion  during  this  time.  The  tumors  were  harvested  a])i)roxi- 
mately  3  to  4  months  aft(‘r  imidantation,  when  they  had  attained  an  average  size  of 
al)out  7  gm.  In  most  instanees  the  normal  thyroid  gland  of  the  host  was  excised  at  least 
3  <lays  j)rior  to  study  of  the  tumor  or  blood.  The  animals  were  maintained  on  a  diet  of 
Purina  laboratory  ehow,  nd  lib.,  with  addc'd  grecms  onee  eaeh  week. 

The  iodine  in  tumor  and  blooil  was  labeled  with  F”  and  all  studies  were  carried  out  on 
the  radioactive  material.  In  most  instanees,  labeling  was  by  in  vivo  incorporation  of 
radioiodide  administ(“red  intraiM'ritoneally.  In  a  few  experinnmts,  labeling  was  doiu* 
in  vitro  by  incubation  of  tissue  sliee.s,  approximately  0.2  to  O.o  mm.  thick,  with  radio- 
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"Soluble  lodoprotelne* 

Fig.  1.  Scheme  for  tissue  fractionation. 


iodide  in  an  oxygenati'd  Krebs-Hinger  pho.sphate  medium  jiH  7.4,  at  37°  ('  in  an  oscillat¬ 
ing  water  bath. 

In  the  in  vivo  exiM'riments,  the  animals  were  anesthetized  with  ether  and  killed  by 
exsanguination.  Tumor  tissue  was  frozmi  and  sliced  with  a  microtome  at  a  thickness  of 
a|»|)roximately  0.2  to  O.o  mm.  The  slices  were  tlnm  susiiended  in  0.15.1/  Xa(’l  (usually  in 
a  ratio  of  1  gm.  of  slice  to  3  ml.  of  fluiil)  at  4°  (’  for  Ki  to  24  hours.  Slices  after  in  vitro 
iodination  were  similarly  suspmided  aftt'r  freezing.  The  suiiernatant  extract  after  low 
speed  ci'iitrifugation  was  used  for  the  study  of  the  soluble  iodoproteins.  The  residue  was 
then  resuspended  in  0.15  M  Xa('l  and  homogenized  in  a  glass  homogenizer  of  the  Potter- 
I'.lvehjem  type .  The  suiiernatant  after  centrifugation  in  an  angle  centrifuge  at  12,000  to 
20,000  rpm  for  30-45  minutes  was  usually  discarded.  In  several  experinumts,  however, 
the  radioiodine  in  this  fraction  was  examined  and  found  to  resemble  that  in  the  initial 
Si  line  extract  excejit  for  a  lower  iodide  content.  The  residue  was  then  re.susiiended, 
washed  3  times  with  0.15  .1/  N’at'l,  and  used  for  the  study  of  insoluble,  or  particulate, 
iodoprotc'ins.  In  some  (‘xp(‘riments,  the  saline  extraction  step  was  omitted,  tin'  fri'sh  tissiu' 
was  immediately  homogenized,  and  the  first  supernatant  was  used  to  study  the  solubh' 
iodoproteins.  The  fractionation  scheme  is  outlined  in  Figun*  1. 

*  PBI  was  determined  by  the  method  of  Zak,  et  at.  (27)  by  the  Boston  Medical 
Laboratory,  Boston,  Ma.ss.  Two  of  the  PBI  measurements  were  done  on  jilasma  from 
thyroidectomized  rats.  All  other  P^'  measurements  were  done  on  intact  animals. 
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In  thosi'  oxiM'rimonts  in  wliich  the  particulate  fraction  was  subfractionated,  a  separate 
])ortion  of  tissue  was  homogenized  without  frei-ziiif:  in  .8S  .1/  sucrose  in  a  ratio  of  1  {5111. 
to  10  ml.  Fractionation  by  difi'i'rential  centrifusiition  into  “nuclear,”  “mitochondrial,” 
and  “microsomal”  fractions  was  carried  out  according  to  the  ])rocedur(‘  of  Hoffeboom 
and  Schneider  (2S).  After  iiutial  analyses  with  this  technitpie,  the  method  of  Hof;eboom. 
Schneider  and  Striebech  (29)  was  used  for  the  jjreparation  of  the  “nuclear”  fraction.  In 
this  method,  the  homogenate  prepared  in  0.25  .1/  sucrose  containing!;  I.SXIO”^  M  (’aClu. 
was  layered  over  0.34  .1/  sucrosi'  contaiiunf!;  1.8X  10“^  .1/  CaCls  and  subjected  to  c(‘ntri- 
fimation  at  000  X(1  for  10  mimib's.  The  precipitate  at  the  bottom  of  the  denser  layer  was 
rehomofienized  in  sucrose  and  the  above  procedure  repeated  three*  times. 

.\X.\LYTICAL  METHODS 

Saltiiiff  out  curves  of  soluble  iodoproteins  in  tissue  extracts  and  in  se'ium  were  per¬ 
formed  with  eepiimolar  KIl2R()4-KoH P()4  at  room  ti'inja-rature  by  the*  method  tlescrilx'd 
earlier  (13).  .Vn  amount  of  extract  or  serum  sufficient  to  ju-rmit  radioactivity  measure¬ 
ments  was  added  to  diluted  normal  human  serum,  the  latter  providinj^  carrier  protein 
htr  removal  of  i)recii)itates.  The  final  serum  dilution  was  1  :30;  the  amount  of  tissue  pro¬ 
tein  was  variabh*.  but  very  much  lower.  In  two  instances  batch  fractionation  with  |)hos- 
phat(‘  buffer*  was  also  carried  out  between  the  limits  of  salt  concentration  indicated 
umh'r  Results,  ('arrier  serum  j)roteins  wt're  not  ad(h‘d  in  these  experiments,  and  etlu'r, 
wliich  was  used  in  tlie  salting  out  curves  to  facilitate  separation  of  the  jirecipitate,  was 
omitted.  Precipitates  were  removed  by  centrifuf;ation  and  redissolved.  The  fractions 
were  dialyzed  at  4°  C  throU)>:h  Viskinj!;  tuliiii}!:  against  larf;(‘  volumes  of  apiiroximati'ly 
10~*  M  phosphate  bulTer,  and  lyoiihylized. 

I’ltracentrifunal  analyses  in  which  the  1'^*  labeled  substances  were  measured  were 
done  with  the  Siiinco  Model  L  instrument  at  39.()()()  RPM  (Rotor  X'o.  40)  for  2  or  3 
liours.  The  licpiid  in  the  tube  was  sampled  stepwise  from  the  toj)  downward  by  means  of 
a  syringi'  and  needle  mounted  on  a  rack  and  jiinion.  Ojitical  ultracentrifunal  analysi's 
were  <lone  with  the  Spinco  Model  K  instrument  by  the  usual  metliods.  In  most  runs,  a 
cell  with  one  jirismatic  face  was  used  in  place  of  the  counterbalance,  so  that  2  solutions 
could  be  examined  simultaneously. 

Zone  electrophoresis  in  filter  jiaper  was  performed  in  the  conventiomd  manner,  and 
with  tlie  rc'verse  flow  techniipie,  as  described  earlier  (30).  ('hromatoKrapliy  on  ascendinf*: 
paper  strips  (Whatman  3  M.M)  was  done  in  the  followinj'  solvent  systems :n-butanol- 
jjlacial  acetic  acid-water  (75-10-1.5),  n-butanol  equilibrated  with  2X  XIDDH  (eipial 
parts),  and  n-butanol-3..5-dioxane  (80-20)  ecpiilibrated  with  2X  XII4OII  (100).  F.ach 
sanqile  analyzed  by  chromatography  was  run  in  at  least  two,  and  usually  in  all  three 
solvi'iit  systi'ins.  The  values  obtaiiu'd  in  the  various  solvents  ascci'd  wi'll  with  each  other, 
ill  most  instances,  and  the  avera{?es  are  ^iven  under  Results. 

Radioactivity  on  the  jiaper  strips  was  measured  with  a  mica-window  (leiKcr-Mueller 
tube  :ind  a  continuously  recording  counting-rate  meter.  'I'lie  zone's  of  radioiodim*  were 
(piantitated  by  jilanimetry  of  the  areas  under  the  curve.  Carrier  tliyroxine,  3',3..Ytriiodo- 
thyronine,  3-monoiodotyrosine  and  3,.5-diiodotyrosine  were  jilace'd  on  each  strip  tose'ther 
with  the  samiih'  for  localization  of  the  radioactive  zones,  'fhe  carrii'rs  were  located  after 
.scanninn-by  spraying  the  strips  with  a  freshly  prejiared  mixture  of  4.5%  XaXOj,  .05.1/ 
sulfanilic  acid  in  9%  IK'l,  and  2.5%  XaoC'Os  (1:1  :8).  The  first  two  components  of  the 
spray  were  mixed  several  minutes  prior  to  addition  of  the  Xa-jCOj. 

Localization  of  the  radioactive  zones  was  also  aided  by  preparinfj;  autorad iof^raph  of 
the  scanni'd  but  unsprayed  strips,  usinj'  no-screen  x-ray  film.  In  many  instances,  further 

®  The  term  “jiliosiihatc  buffer,”  as  used  in  this  jiajier,  refers  to  equimolar  KIl2P()4- 
K2IIPO4,. 
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identification  of  radioactive  components  was  ])rovided  by  autoradiography  of  two- 
dimensional  chromatograms.  The  first  two  solvents  listed  above  were  employed,  with 
the  alkaline  sy.stem  as  the  first  tlimension. 

Radioactivity  assays  other  than  those  of  paper  strips  were  done  with  a  well-type  scin¬ 
tillation  counter,  employing  a  Nal  crjstal. 

Hydrolysis  was  performed  with  crude  pancreatin,  F.S.P.,  in  Tris  (hydroxymethyl) 
aminomethane  buffer,  j)!!  8.5,  at  37°  C  for  approximately  48  hours. 

Other  techniques  employed  are  described  under  Results. 


RESULTS  AXD  DISCUSSION 

The  histological  appearance  of  the  tumor,  and  the  localization  of  radio¬ 
iodine  by  autoradiography,  are  illustrated  in  Figure  2.  Uadioiodine  was 
associated  only  with  areas  of  the  tumor  which  showed  follicle  formation, 
and  the  pattern  of  localization  suggested  association  with  the  follicles.  The 
methods  could  not  di.stinguish,  however,  between  radioiodine  located  in 
cells  or  in  colloid. 

Details  of  the  in  vivo  experiments  with  regard  to  the  amount  of  radio¬ 
iodine,  the  time  of  study,  and  the  tumor  size  and  iodine  accumulation  are 
listed  in  Table  1.  “Hat  Xo.”  identifies  the  individual  animals  in  this  and 
.subseipient  tables.  The  data  do  not  permit  accurate  estimation  of  the  radi¬ 
ation  delivered  to  the  tumors.  It  may  be  calculated,  however,  that  an 
average-sized  tumor  weighing  7  grams  and  accumulating  50%  of  a  400  nv. 
dose,  with  a  biological  half-time  of  2  days  for  tumor  iodine,  would  receive 
an  integral  dose  of  approximately  800  rads.  The  smaller  tumors  (4  gm.) 
would  receive  1400  rads  under  similar  circumstances.  This  do.se  is  consid- 


Table  1 

1.  HaDIOIODINE  in  thyroid  TI  MORS 

LABELED 

in  vivo 

Rat  No. 

Time  after 
dose 

Do.se  of 

JI3I 

Tumor 

weight 

Total 

J131 

( Irganic 

J13I 

Particulate 

iodoprotein 

“Nuclear” 

Fraction* 

(mC.) 

(grams) 

(%  of  dose) 

(%  of  org 

aide  P’’) 

1 

7+min.t  320 

5.5 

8.1 

3.3 

17 

12 

•) 

30 

250 

4.5 

25 

21 

14 

14 

.3 

3  hr. 

250 

13.5 

49 

47 

16 

18 

4 

y 

440 

8.6 

47 

46 

(28)  t 

5 

1  <luv 

440 

7.1 

27 

27 

(32) 

<■.§ 

1 

230 

22 

38 

30 

7 

2 

240 

”.5 . 1 

32 

32 

20 

8 

2 

440 

4.2 

31 

31 

29 

9 

2 

440 

5.0 

3.5 

35 

39 

10 

4 

6 

8.6 

28 

II 

(38) 

1  I 

7 

440 

6.7 

5.8 

5.8 

(62) 

12 

• 

500 

4 .5 

17 

17 

44 

35 

13 

12 

.500 

4.0 

5.8 

5.8 

62 

58 

14 

14 

46 

4.9 

6.0 

II 

5() 

311 

15 

19 

500 

0.6 

0.9 

0.9 

72 

77 

*  Two-phase  sucrose  procedure. 

t  nest  hot  ized  at  5  min.,  exsanguinated  at  71  min.,  tumor  fractionation  begun  at  25  min. 
X  Values  in  parenthe.ses  refer  to  radioiodine  in  slices  which  had  been  extracted  with 
.15  M  NaCl  and  then  washed  3  times,  but  not  homogenized.  It  was  found  that  such  values 
are  6  to  36%  higher  than  the  particulate  iodoprotein  values  obtained  by  homogenization. 

§  This  was  the  only  animal  not  thyroidectomized  prior  to  study.  The  thyroid  gland 
weighed  9  mg.  and  contained  0.7%  of  the  I”*  dose. 

II  Chromatography  omitted. 
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erahly  sina  ler  than  that  which  will  cause  thyroid  tumors  to  discharge* 
thyroglohulin  into  the  blood  in  man  (31).  In  rat  no.  14,  in  which  the  dose 
was  40  ijlc.  and  the  tumor  weighed  4.1)  gm.,  the  tumor  dose  would  he  only 
1 1  rads.  In  only  one  animal  (rat  no.  15)  was  the  tumor  seen  to  decrease  in 
size  following  radioiodine  administration. 

PARTICULATE  lODOFROTEIN 

4'he  (|uantity  of  tumor  radioioeline  in  organic  form  and  the  proportion  in 
the  non-extractahle,  or  particulate,  fraction  are  given  in  Table  1  for  the 
in  riro  experiments.  Iodide  was  determined  by  chromatography  of  the 
tumor  extracts.  The  unhydrolyzed  particulate  fractions  contained  no  io¬ 
dide.  lodoproteins  in  the  extracts  and  in  the  particulate  fractions  re¬ 
mained  at  the  origin  of  the  chromatograms,  and  accounted  for  almost  all 
of  the  non-iodide  radioactivity.  Other  radioactive  components  were  some¬ 
times  detected.  In  the  unhydrolyzed  tumor  extracts,  zones  of  radioiodine 
coinciding  with  monoiodotyrosine  or  diiodotyrosine  comprised  less  than 
1%  of  the  radioactivity.  Trace  amounts  of  radioiodine  were  sometimes 
present  at  the  solvent  front.  In  the  particulate  fractions,  the  only  radio¬ 
iodine  component  other  than  origin  material  was  found  at  the  solvent 
front.  This  was  present  in  trace  amounts,  if  at  all,  except  in  rat  no.  1  in 
which  it  comprised  S%  of  the  particulate  radioiodine.  In  the  in  rilrn  ex¬ 
periments,  however,  the  front-running  component  was  present  consistently 
and  in  larger  amounts  (cf.  below). 

The  proportion  of  tumor  radioiodine  in  the  particulate  fraction  increased 
with  time  after  the  dose  from  about  15%  to  more  than  70%  of  the  accumu¬ 
lated  organic  iodine.  Normal  rat  thyroid,  by  comparison,  contained  5%  of 
its  radioiodine  in  this  fraction  2  days  after  the  dose.  (In  this  experiment,  S 
normal  P'ischer  rats  were  each  given  10  /if*-  of  and  the  thyroid  glands 
were  pooled.) 

Whereas  radioiodine  (as  percent  of  dose)  in  the  soluble  fraction  of  the 
tumors  reached  a  peak  at  3  hours  after  the  dose,  the  particulate  radioiodine 
(as  percent  of  dose)  increased  more  slowly,  reaching  a  peak  at  2  days.  The 
particulate  fraction  also  fell  off  more  slowly  so  that  curves  depicting  radio¬ 
iodine  in  the  two  fractions  crossed  at  a  point  between  7  and  12  days  after 
the  dose. 

Identification  of  the  subcellular  particles  with  which  the  particulate 
iodoprotein  was  associated  was  attempted  by  the  methods  of  Ilogeboom 
and  co-workers  (cf.  Materials  and  Methods).  The  results  of  the  method 
employing  a  single  phase  of  0.S8  M  sucrose  are  presented  in  Table  2.  Sol¬ 
uble  radioiodine  decreased  with  time  after  radioiodine  administration.  Of 
the  remaining  P*',  the  greatest  proportion  was  in  the  “nuclear”  fraction. 
The  results,  however,  were  somewhat  variable,  and  it  is  uncertain  whether 
the  smaller  amounts  of  radioiodine  in  the  other  particulate  fractions  were 
the  result  of  contamination  with  nuclear  fragments. 
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In  view  of  these  findings,  the  two  j)hase  suerose  method  was  emj)loyed 
as  a  more  reliable  means  of  isolating  cell  nuclei.  The  results  of  this  proced¬ 
ure,  listed  in  Table  1,  demonstrate  a  fairly  good  agreement  between  radio¬ 
iodine  in  the  “nuclear”  fraction  and  that  remaining  after  saline  extraction. 
In  the  pooled  thyroid  glands  from  normal  Fischer  rats,  4%  of  the  radio¬ 
iodine  was  in  the  “nuclear”  fi-action.  hixamination  of  these  “nuclear” 
j)reparations  by  light  microscopy  revealed  apparently  well  i)reserved  nu(*lei 
which  retained  the  Feulgen  staining  reaction.  .V  moderate  amount  of 
amori)hous  material  which  stained  pink  with  er)sin  was  also  present,  but 
no  other  particles  were  detected  in  significant  amounts. 

The  protein  nature  of  the  particulate  radioiodine  is  indicated  by  the  re¬ 
sults  given  in  Table  4.  After  hydrolysis  with  pancreatic  enzymes,  aj)j)roxi- 
mately  75%  of  the  particulate  radioiodine  was  identified  as  iodinated  ami- 
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Hat  \o. 

“Nuclei” 

“Mitoeliomlria” 

“.Microsomes” 

Comliineil 

Supernatant.-; 

2 

29 

Hi 

.0 

■V.l 

92 

9 

a 

r)9 

.V 

17 

1 

2 

17 

H 

11 

9 

4 

19 

12 

:{9 

18 

8 

11 

i:{ 

99 

1 1 

2 

27 

Itiil  .\  and  II  were  cacti  injected  witli  190  of  radioiodidc  21  hours  prior  to  removal  of 
the  tumor. 

.\11  values  are  iM'r  cent  of  ornanie  I'^‘. 


no  acids,  most  of  which  were  iodinated  tyrosines.  These  results  will  be  con¬ 
sidered  further  in  a  later  section. 

Solubilization  and  characterization  of  the  particulate  iodoprotein  are 
currently  under  study  and  will  be  the  subject  of  a  future  rejjort. 

SOLUBLE  lODOPROTEIXS 

The  saline  extract  of  each  of  the  tumors  was  studied  by  the  salting-out 
procedure  in  order  to  examine  the  soluble  iodoprotein.  A  typical  curve  is 
pre.sented  in  Figure  3.  Most  of  the  radioiodine  salted  out  sharply  at  a  low 
buffer  concentration  in  a  manner  characteristic  for  thyroglobulin.  The  .solu¬ 
bility  of  this  thyroglobulin  was  the  same  as  that  found  in  normal  rat  thy¬ 
roid,  as  indicated  by  the  salt  concentration  at  which  the  salting-out  curve 
had  its  steepest  slope  (Table  4).  Rat  thyroglobulin,  however,  was  slightly 
le.ss  sohd)le  than  human  thyroglobulin  (25).  The  mean  value  for  the  point 
of  steepest  slope  for  thyroglobulin  in  normal  and  al)normal  rat  thyroid  ti.s- 
sue  (1.53  ±.02  My  was  significantly  different  from  that  in  normal  and  ab¬ 
normal  human  thyroids  (1.58 +  .05  M,  p<.001). 

*  Mean +.stan(lanl  deviation. 
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Dofiiiition  of  syinhols:  ()  =  !'’•  at  cliromatonrain  origin,  I=io(li(ic,  M  =  nionoidot yrosiiic, 
D  =<liio(lotyrosinp,  T4  =  thyroxine,  Tj  =  triiodothyroiunp,  i'  =  uukno\vn  (cf.  text).  Values  for 
()  and  I  are  in  per  eent  of  total  iodo|)rotein.  Values  for  M,  1),  T4,  Tj  and  1’  are  in  terms  of 
per  ei-nt  of  hydrolytie  products  other  than  iodide  and  iininohile  material.  Deviation  of  the 
sum  of  th(“se  values  from  KM)  per  eent  is  due  to  other  unknowns. 

I’art  .\.=  whole  thyroid  extract.  Parts  C’.  and  I).  =fraetions  obtained  from  this  extract. 

*  Tumor  extract  dialyzed  before  hydrolysis. 

t  Serum  iodoprotein  used  for  hydrolysis  was  not  completely  separated  from  iodide. 


The  .salting-out  curve  for  the  tumor  extract.s  (Fig.  3),  liowever,  revealed 
the  presence  of  another  radioiodine  component  more  soluble  than  thyro- 
glohulin.  This  component  was  (piantitated  by  subtracting  the  proportion 
of  extract  radioiodine  .soluble  at  2.9(S  M  phosphate  buffer  from  that  soluble 
at  1.S9  M.  The  results  are  given  in  Table  4  where  data  from  each  of  the 
salting-out  curves  is  listed.  From  2.7  to  9.4%  of  the  soluble  iodoprotein 
was  in  this  fraction  in  the  rat  tumors,  whereas  none  was  detected  in  the 
normal  rat  thyroid.  In  normal  human  and  sheep  thyroids  (25),  however, 
this  component  compri.sed  as  much  as  4%  of  the  .solul)le  iodopiotein.  This 
iodoprotein  which  is  more  soluble  than  thyroglobulin  will  be  referred  to  as 
“thyroid  S-1”  to  distinguish  it  from  the  .soluble  iodoprotein  which  can  be 
characterized  as  thyroglobulin,  and  from  the  iodoproteins  present  in  blood 
(cf.  below  and  Fig.  1). 

In  order  to  characterize  the  thyroid  S-1  fraction  further,  portions  of  the 
saline  extracts  of  two  thyroid  tumors  (rats  no.  4  and  5)  were  fractionated 
with  phosphate  buffer,  as  indicated  in  Table  5  and  Figure  1.  The  fractions 
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Table  4.  Saltixcj-oi  t  ok  sou  ble  iodoproteixs  ix 

THYROID  Tl'.MORS  AXD  THYROID  CLAXDS 


Hat  No. 

1.1 9.M 

1.4.M 

l.SD.M 

2.!)8.M 

S-1 

Slope 

maximum 

,1.  Tumor  hi  Viro  Liihrl 

1*  lot) 

81  .8 

8.2 

3.7 

4 . 5 

1  .54 

2* 

i>3 . 7 

71). 0 

1 1  .4 

2.0 

D.l 

1  .54 

3* 

•14.8 

78.1) 

(’> .  5 

1  .0 

4.1) 

1  .58 

4 

(13.5 

1)1  .2 

8.7 

4.1 

1.0 

1  .51 

5 

!H).4 

l)t).  1 

7.1) 

3.3 

4.0 

1  . 51 

li 

'.tti.8 

1)0.0 

27 .  1 

18.3 

1).  1 

1.54 

7 

04.2 

80 . 1 

t;  .7 

2.8 

3.1) 

1  .54 

H 

‘.I4.lt 

75.0 

0.1 

3.4 

2.7 

1  .51 

It 

114.  C. 

84  .0 

8.1) 

4.1 

4.8 

1.54 

1  1 

1)0.2 

70.8 

14.1) 

7.8 

7.1 

1  . 54 

12 

1)1  .0 

83.1 

1) .  4 

5.3 

4.1 

1  .51 

13 

1)0 . 1 

73.8 

13.7 

lO.O 

3.1 

1  ..54 

H.  Tumor  III  Vitro  Liihrl 
Kxp.  l,3Hr*  il4.0 

05.1) 

8.8 

4.2 

4.0 

1  .47 

1;  Hr* 

1)1  .5 

01).  1) 

7.1) 

1  .8 

t‘>.  1 

1  ..50 

('.  Hat  Thi/roiii  (rlnuil 
—  ttS.') 

80 . 7 

4.0 

4.2 

-0.2 

1  ..54 

() 

1)7.0 

71.2 

4.8 

0.0 

-1.2 

1  ..50 

— 

105 

1)4.5 

2.7 

2.1 

0.0 

1  ..54 

— 

1)5.0 

82.0 

3.7 

2.4 

1 .3 

1  ..50 

('oliimns  2  through  5  give  tho  por  cpiit  solubility  of  Hu-  railioiotlinp  in  the  tissue  extract  at 
the  indicated  concentrations  of  Klljl’t  )4-K2H  l’(  >4. 

C’oluinn  (i  is  the  difference  between  colunins  4  and  5. 

Colunin  7  gives  the  molar  concentration  of  KlljlM )4-K.Il  1*( >4  at  which  the  salting  out 
curve  of  thyroglobulin  had  its  maximum  slope. 

*  Tissue  extract  dialyzed  before  salting-out. 


Fig.  3.  Salting  out  of  soluble  iodopro- 
teins  from  a  thyroid  tumor.  The  solid  sym¬ 
bols  represent  iodoprotein  fractions  iso¬ 
lated  by  jirecipitation  between  the  indi¬ 
cated  limits  of  Kll2l’04-K2H1H)4. 
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Tabi.k  ii.  Fkai'tioxatio.v  of  soli  blk  iodopkotkins  ix  thyhoid  timors 


Hat  No. 

Hh(»si)hat»*  fraction 

%  of  total 
tissue  weight 

%  of  total 
extract  P’* 

Thyroglohuliii* 

(%  of  P”  in 

fraction) 

4 

<1  M 

2.1 

:ti 

1  1  .7.1  .M 

().;{ 

:tl 

1  .‘>2 -2. as  .M 

1  .7 

1  .7 

4 

.A 

<1.4  -M 

2  2 

:t2 

1  .  4  -1  .7.1  M 

0/2 

27 

1  .7.1  2. its  .\I 

1  ..1 

a.  2 

ao 

*  I  )(“tcrnuiu-(l  from  salting  out  curvo. 


were  prepared  by  single  or,  at  most,  two  cuts  at  the  concentrations  listed. 
Xo  attempt  was  made  to  improve  the  purity  of  the  fractions  by  multiple 
rcprecipitation  since  the  (juantity  of  material  available  was  small.  Con¬ 
tamination  of  S-1  with  thyroglobulin  was,  therefore,  not  unexpected.  Fur¬ 
thermore,  it  is  possible  that  the  salting-out  characteristics  of  the  tissue 
proteins  in  the  batch  procedure  were  different  from  those  in  the  salting-out 
curves,  where  carrier  serum  protein  was  employed.  Tlie  recoveries  listed  in 
Table  o  must  be  interpreted  in  the  light  of  losses  incurred  in  the  process  of 
fractionation,  dialysis  and  lyophylization.  When  whole  extract  was  carried 
through  the  last  two  steps  in  one  rat  tumor  and  in  two  human  thyroids 
(25)  recovery  of  total  soluble  iodoprotein  was  70  to  75%. 

It  is  of  interest  that  the  thyroglobulin  fraction  in  the  rat  tumors  (1.4- 
1.75  M)  contained  the  smallest  amount  of  material  by  weight,  in  contrast 
to  the  findings  in  normal  thyroids  from  sheep  and  man  (25).  It  .seems  likely 
that  this  difference  is  correlated  with  the  scarcity  of  colloid  noted  histo¬ 
logically  in  the  tumors  since  total  solids  in  the  rat  tumor  extracts  and  in 
the  sheep  and  human  thyroid  extracts  did  not  appear  to  be  greatly  differ¬ 
ent.  It  is  not  known  whether  there  were  also  differences  in  colloid  composi¬ 
tion.  Variation  in  I‘^'-weight  ratio  among  the  tumor  fractions  were  most 
likely  due  to  inclusion  of  different  quantities  of  non-radioactive  material. 
It  is  unknown,  however,  whether  the  .specific  activities  of  the  iodoproteins 
themselves  differed. 

The  significance  of  the  large  radioiodine  recovery  in  the  fraction  le.ss  sol¬ 
uble  than  thyroglobulin  is  uncertain.  This  may,  in  part,  be  due  todenatura- 
tion  of  thyroglobulin  during  the  fractionation,  .since  this  fraction  contained 
material  which  could  not  be  redissolved  in  0,15  M  XaCl.  The  soluble  por¬ 
tion  of  this  fraction  resembled  thyroglobulin  by  all  of  the  criteria  described 
below,  and  the  hydrolytic  products  of  the  entire  fraction  re.sembled  tho.se 
of  thyroglobulin.  The  larger  proportion  of  radioiodine  in  this  fraction  in 
the  rat  tumors  compared  to  human  thyroid  (25)  is  presumably  related,  in 
l)art  at  least,  to  the  lower  .solubility  of  rat  thyroglobulin. 

Chromatographic  analysis  revealed  that  all  of  the  radioiodine  after  frac¬ 
tionation  was  still  immobile.  (5)mparison  of  thyroglobidin  and  the  fraction 
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more  soluble  than  thyroslobulin  by  salting-out,  ultraeeutrifugation  and 
electrophoresis  are  illustrated  in  Figures  R,  4  and  5.  The  results  for  one  of 
the  tumors  (rat.  no.  4)  are  given  in  Figures  .4  and  o,  and  were  similar  to 
those  for  the  .second  tumor,  apart  from  contamination  of  the  S-1  fraction 
with  more  thyroglobulin  in  the  latter.  The  re.sults  in  Figure  4  were  ob¬ 
tained  with  a  third  tumor  (rat  no.  (>)  which  was  fractionated  only  into  ma¬ 
terial  which  was  .soluble  or  insoluble  in  1.1)2  M  phosphate  buffer.  Similar 
re.sults  were  obtained  with  the  other  two  tumors. 

The  salting-out  curves  (Fig.  4)  demonstrate  that  purified  thyroglobulin 
was  completely  precipitated  at  1.9S  M  phosphate  buffer,  and  that  the  S-f 


Fig.  4.  Sodiinontiition  of  .soluble  iodo- 
protcins  from  :i  tliyroid  tumor  in  the 
jireparative  ultraeeutrifuge  (:59,()0()  rpm, 
:5  liours,  O.l.o  .1/  Xa('l).  Tlu'  iodojiroteiiis 
wen*  separated  according  to  their  solii- 
Idlity  in  1.92  .1/  KII.,P()4-K..1I I’()4. 


iodoprotein  was,  indeed,  more  soluble  than  thyroglobulin.  In  the  prepara¬ 
tive  idtracentrifuge  (Fig.  4)  S-1  iodoprotein  was  shown  to  sediment  much 
more  slowly  than  thyroglobulin.  The  .sedimentation  rate  for  S-1  was  rough¬ 
ly  similar  to  that  found  for  serum  albumin  (Sic, ,w  =4.2)  under  the  same 
conditions.  It  is  not  po.ssible  to  a.ssign  an  exact  sedimentation  coefficient  to 
S-1  from  these  experiments,  however. 

Zone  electrophoretic  analy.ses  (Fig.  o)  revealed  that  the  S-1  iodoprotein, 
unlike  thyroglobulin,  contained  4  zones:  one  just  behind  human  serum  al¬ 
bumin,  one  overlapping  the  alpha  globulins  and  one  in  the  beta  globulin 
area.  Heverse  flow  electrophoresis  is  illustrated  in  order  to  demonstrate 
that  the  radioiodine  components  with  the  slower  mobilities  were  not  arti¬ 
facts  due  to  adsorption  of  the  fast  component  on  the  paper  strip.  The 
mobilities  were  moa-e  preci.sely  determined,  however,  by  the  conventional 
zone  electrophoresis  method.  Since  the  S-1  fraction  illustrated  in  Figure  o 
contained  very  little  thyroglobulin  (cf.  Fig.  4),  it  appears  that  S-1  iodo¬ 
protein  in  the  rat  tumor  is  compo.sed  of  at  least  4  separate  iodoproteins. 

The  electrophoretic  mobility  of  radioiodine  in  the  thyroglobulin  frac¬ 
tions  of  the  rat  tumors,  and  in  extracts  of  tumors,  was  the  same  as  in  nor- 
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Fig.  5.  Zone  electrophoresis  of  soluble  iodoproteins  from  a  thyroid  tumor  (Barbital 
buffer,  pH  8.6  F  2  0.1,  reverse  flow  technique).  The  iodoprotein  fractions  were  isolated 
by  i)reeipitation  between  the  indicated  limits  of  KH2PO4-K2HPO4,  and  were  dissolved  in 
0.15  .1/  NaCT  or  normal  human  serum  at  the  concentrations  listed.  The  paper  strips 
staiiK'd  with  bromphenol  blue  are  mounted  above  the  corresponding  records  of  radio 
activity.  The  arrows  indicate  the  points  of  application.  The  distance  of  the  base  line 
jMirtums  of  each  record  from  the  zero  line  indicates  the  background  counting  rate. 


he  intermediate  between  albumin  and  alpha-1  globulin  of  human  serum. 
As  pointed  out  earlier  by  Alper.s,  ei  al.  (82),  rat  thyroglobulin  has  a  mo¬ 
bility  slightly  faster  than  human  thyroglobulin.  In  several  experiments, 
there  was  an  additional,  poorly  separated  radioiodine  peak  with  the  mo¬ 
bility  of  alpha-1  globulin.  This  was  seen  only  in  conventional  zone  elee- 
1  roplioresis,  and  contained  18  percent  or  less  of  the  total  radioiodine.  The 
significance  of  this  finding  is  uncertain,  but  could  represent  yet  another 
iodoprotein. 

As  in  the  case  of  the  particulate  iodoprotein,  the  protein  nature  of  the 
S-1  fraction  was  revealed  by  the  presence  of  iodinated  amino  acids  after 
hydrolysis  with  pancreatin  (Table  8).  The  results  in  Table  8  include  those 
obtained  on  the  fractions  mentioned  above,  as  well  as  on  a  number  of 
other  tumors  in  which  the  saline  extract  was  divided  only  into  fractions 
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soluble  or  insoluble  in  1.92  M  phosphate  buffer.  Further  analysis  of  the 
findings  after  hydrolysis  will  be  discussed  below. 

In  rats  no.  4  and  5,  the  tumor  extracts  and  the  fractions  obtained  from 
the  extracts  were  examined  in  the  analytical  ultracentrifuge.  The  results 
are  presented  in  Figure  6  and  Table  G.  The  thyroglobulin  fraction  (1.4- 
1.75  M)  was  enriched  in  a  component  with  S2u=  19-20  S,  but  contained 
much  less  than  did  a  similar  fraction  from  a  normal  rat  thyroid.  This 
rapidly  sedimenting  material  is  similar  to  thyroglobulin  in  other  species 
(:14).  The  results  of  the  preparative  ultracentrifuge  experiments  (cf.  al)ove) 


1.4- 

I.75M 


1.75- 
2.98  M 


Fig.  G.  Sc'dinuMitation  of  soluble  jiroteiii  fractions  from  a  thyroid  tumor  in  tlu“  analyti¬ 
cal  ultracentrifuge  (59,900  rpm,  0.4%  solution  in  0.15  M  Xa('l).  The  protein  fractions 
were  jirepared  by  jirecipitation  between  the  indicated  limits  of  KH2P()4-K2HP()4.  The 
values  above  and  below  the  schlieren  diagrams  give  the  sedimentation  coefficients,  in 
Svedbergs,  of  the  corresponding  boundaries.  The  photo  on  the  right  was  taken  2S  minutes 
after  the  photo  on  the  left.  Sedimentation  is  from  left  to  right.  Xote  the  difference  in 
location  of  the  menisci  in  the  standard  and  “wedge”  cells. 


indicate  that  the  components  of  this  fraction  with  .sedimentation  rates 
slower  than  19S  did  not  contain  radioiodine.  The  S-1  fraction  was  com¬ 
prised  mainly  of  slowly  sedimenting  material  which  was  resolved  into  two 
poorly  .separated  components.  It  is  not  po.ssible  to  identify  the  S-l  iodo- 
protein  with  the  protein  shown  in  the  .schlieren  pattern,  since  the  propor¬ 
tion  of  the  total  protein  which  is  iodoprotein  is  unknown,  but  the  sedimen¬ 
tation  rate  for  S-1  determined  in  the  preparative  ultracentrifuge  was  of 
the  same  order  of  magnitude. 

SERUM  lODOPROTEIX 

The  results  of  chromatographic  analy.ses  of  serum  radioiodine  are  pre¬ 
sented  in  Table  7.  Although  the  significance  of  the  small  proportion  of 
radioiodine  remaining  at  the  origin  at  the  llO-minute  point  (rat  no.  2)  may 
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74 

22 

4 

Values  are  the  per  eeiit  of  the  total  area  under  the  sehliereii  pattern  for  each  peak,  ('oluinn 
headings  are  s»o  in  .15.1/  NaC'l. 

*  Pailially  resolved  into  2  peaks  with  S;o  =  3.9  S  and  4.5  S. 

t  WKftle  extract  of  normal  rat  thyroid  studied  by  .\lpers,  et  al.  (d3)  contained  51%  of  the 
total  area  fh  an  18  S  peak;  11%  in  a  faster  peak;  (i,  7  and  27%  in  slower  peaks. 


he  (luestionetl,  all  other  samples  contained  significant  (juantities  of  this  ma¬ 
terial.  Hydrolysis  of  this  .'siihstance  in  several  of  the  samples  (Table  d)  re¬ 
vealed  it  to  be  iodoprotein.  The  (piantity  of  radioactive  serum  iodoprotein 
as  per  cent  of  dose  exceeded  that  of  thyroxine  at  the  3-hour  point,  but  it 
rose  more  slowly  and  decayed  more  slowly  than  thyroxine.  The  peak  con¬ 
centration  of  iodoprotein  was  reached  at  2  days,  whereas  that  of  thyroxine 
was  reached  within  1  day. 

The  iodoprotein  in  dialyzed  serum  was  characterized  by  salting-out  (4 
animals),  by  ultracentrifugation  (1  animal),  and  by  zone  electrophoresis 
((»  animals).  The  findings  in  one  (rat  no.  9)  are  illustrated  and  are  repre- 
.sentative  of  the  group  as  a  whole.  In  this  .serum,  69%  of  the  organic  radio¬ 
iodine  was  iodoprotein  and  the  remainder  was  in  the  form  of  thyroxine. 
The  .salting-out  of  total  serum  radioiodine  is  illustrated  in  Figure  7,  to¬ 
gether  with  the  salting-out  curve  after  correction  for  thyroxine-P*b  The 
mean  values  for  solubility  of  serum  thyroxine  at  each  of  the  salt  concen¬ 
trations  (13)  were  used  for  this  correction.  Although  there  may  have  been 


Table  7.  Sert  m  radioiodine  in  tumor-bearing  rats 


Rat  Xo. 

Total  I'” 

( Irganie  P” 

Iodoprotein* 

Tbyroxine 

Triiodo- 

tbyronine 

(%  of  dose 

/1 00  ml.) 

(%  of  organic  P”) 

2 

58 

0..58 

100 

.3 

0.4 

1  .2 

80 

10 

4 

4 

0.0 

3.4 

34 

00 

.5 

.5.0 

4.3 

40 

54 

lit 

0.2 

5.2 

20 

71 

7 

0.7 

5.4 

40 

54 

8 

7.0 

5.3 

.50 

44 

0 

0 

0.0 

5.8 

00 

31 

1 1 

1  .0 

1  .4 

70 

24 

12* 

3.3 

3.0 

78 

17 

*  Immobile  in  ebromatogram. 

t  This  was  Ibe  only  animal  not  tliyroideetomized  prior  to  study. 
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Fig.  7.  Salting  out  of  serum  radio- 
iodine  from  a  tumor-bearing  rat. 


°.05  1.2  1,75  2.1  2.45  2.8  3.15  3.5M 
CONCENTRATION  OF  K2HPO4  -  KH2PO4 


a  small  amount  of  thyroglobulin  (perhap.s  20%)  present,  it  is  apparent  that 
most  of  the  serum  iodoprotein  was  more  soluble  than  thyroglobulin.  The 
serum  iodoprotein,  appeared  to  be  slightly  less  .soluble  than  the  tumor  S-1 
iodoprotein  illustrated  in  Figure  3,  but  was  more  like  the  S-1  fraction  in 
another  tumor. 

Analy.sis  of  .serum  radioiodine  in  the  preparative  ultracentrifuge  is  shown 
in  Figure  S.  The  results  demonstrate  that  .serum  iodoprotein  .sedimented 
more  slowly  than  did  thyroglobulin  in  the  tumor  extract  from  the  same 
animal. 

Zone  electrophoresis  of  .serum  radioiodine  is  presented  in  Figure  0.  In 
the.se  experiments,  rat  serum  was  studied  alone  and  in  the  presence  of  nor- 


DISTANCE  FROM  TOP  OF  TUBE 
(°/o  OF  TOTAL  VOLUME) 


Fig.  8.  Hudimcntatiou  of  radioiodiiu'  iii 
dialyzed  siuum  and  in  tlu*  tumor  extract 
from  a  tumor-bearing  rat.  (Freparativi' 
ultraeentrifuge,  39,000  rpm,  120  min.)  Tlie 
serum  was  diluted  1  :34  with  0.1. 5  .1/  XaC'l. 
The  tumor  extract  was  in  0.1.5  .1/  XaCI. 


Fig.  9.  Zone  flcctrojihoresis  of  r:i<Iioio(line  in  dialyzed  serum  from  a  tumor-bearing 
rat.  (Barl)ital  buffer,  pH  8.1),  F,  2  0.1.)  The  experiments  on  the  left  were  performed  with 
rat  serum  only;  those  on  the  right,  with  a  rat  serum-human  serum  mixture.  The  upper 
eurves  were  obtained  by  reverse-flow  electrophoresis;  those  on  the  bottom,  by  the  con¬ 
ventional  method  (ef.  legend  to  Fig.  4). 


mal  human  serum.  Radiothyroxine  was  apparently  displaced  from  the  fast 
peak  in  the  rat  .serum^  to  the  alpha  Klobulin  in  human  serum.  The  other 
radioactive  peaks,  then,  were  due  to  the  serum  iodoprotein.  Since  approxi¬ 
mately  34%  of  the  serum  radioiodine  was  found  with  human  alpha  globu¬ 
lin  in  the  rever.se-flow  electrophoresis,  and  since  31%  of  the  serum  radio¬ 
iodine  was  thyroxine,  it  would  appear  that  almost  all  of  the  serum  iodopro¬ 
tein  was  in  the  radioactivity  zones  just  behind  albumin  and  in  the  beta- 
gamma  globulin  region.  This  differs  from  tumor  S-1  iodoprotein,  where 
approximately  36%  of  the  iodoprotein  was  in  the  alpha  globulin  zone 
(Fig.  5).  The  location'of  the  other  peaks,  however,  were  similar  in  the  se- 

^  In  some  runs,  the  small,  rapidly  moving  protein  zone  in  rat  serum  was  better  sepa¬ 
rated  from  the  other  proteins  than  in  Figure  8.  Radioiodine  was  clearly  associated  with 
this  zone,  .\lthough  the  convention  for  nomenclature  of  rat  serum  proteins  is  not  well 
established  this  zone  might  be  designated  as  prealbumin. 


January,  1959 


THYROID  lODOPROTPHXS  IN  RATS 


29 


rum  iodoprotein  and  in  the  tumor  S-1  material,  and  it  is  possible  that  not 
all  of  the  thyroxine  shifted  to  human  alpha  globulin.  Because  of  this  un¬ 
certainty,  and  because  the  degree  of  separation  of  the  various  radioiodine 
zones  was  too  poor  for  precise  quantitation,  the  identity  of  the  serum  iodo¬ 
protein  and  tumor  S-1  iodoprotein  by  the  criterion  of  zone  electrophoresis 
remains  inconclusive. 


HYDROLYSIS  OF  lODOPROTEIXS 

As  indicated  earlier,  hydrolysis  of  the  various  iodoprotein  fractions  with 
pancreatin  resulted  in  the  liberation  of  iodinated  amino  acids.  The  results 
given  in  Table  3  are  the  averages  for  analyses  with  each  of  the  three  chro¬ 
matographic  solvent  systems.  These  analyses  agreed  fairly  closely  although 
it  was  noted  that  the  butanol-acetic  acid  system  usually  gave  somewhat 
higher  values  for  monoiodotyrosine  and  lower  values  for  diiodotyrosine 
than  did  the  butanol  ammonia  system.  The  values  obtained  with  butanol- 
dioxane  ammonia  were  closest  to  the  average.  Triiodothyronine  values 
were  based  on  the  alkaline  solvent  systems  only  since  triiodothyronine  and 
thyroxine  were  not  resolved  by  butanol-acetic  acid. 

In  addition  to  the  hydrolytic  products  identified  as  monoiodotyrosine, 
diiodotyrosine,  thyroxine,  triiodothyronine,  and  iodide,  a  number  of  uni¬ 
dentified  products  were  detected.  In  some  hydrolysates,  there  were  as 
many  as  8  unknown  radioactive  components.  In  most  instances,  these  com¬ 
prised  a  small  proportion  of  the  total  radioiodine.  One  unknown  (‘'U”  in 
Table  3),  however,  was  present  in  amounts  up  to  44%  of  the  hydrolyzed 
radioiodine  and  was  found  in  approximately  one-fifth  of  the  hydrolysates. 
It  had  an  Rf  of  approximately  0.6  in  the  butanol-acetic  acid  solvent,  and 
approximately  0.8  in  both  of  the  alkaline  butanol  solv'ents.  Comparison  of 
this  material  with  a  large  number  of  iodinated  tyrosine  and  thyronine  ana¬ 
logues  failed  to  reveal  its  identity.  It  was  noted,  howev’er,  that  the  pres¬ 
ence  of  this  material  was  invariably  associated  with  a  decrease  in  the  pro¬ 
portion  of  monoiodotyrosine,  and  that  the  sum  of  monoiodotyrosine  and 
the  unknown  gave  a  value  which,  in  comparison  with  other  hydrolysates, 
was  reasonable  to  expect  for  monoiodotyrosine  alone.  In  addition,  one 
iodoprotein  fraction  which  yielded  this  unknown  on  hydrolysis,  was  found 
on  rehydrolysis  to  contain  monoiodotyrosine  instead.  Since  reincubation  of 
hydrolysates  containing  the  unknown  with  additional  pancreatin  failed  to 
produce  monoiodotyrosine,  it  seems  unlikely  that  the  unknown  was  a 
polypeptide  containing  monoiodotyrosine.  It  was  concluded  that  this  un¬ 
known  was  a  complex  or  derivative  of  monoiodotyrosine  and  it  was  con¬ 
sidered  equivalent  to  monoiodotyrosine  in  analysis  of  the  data. 

The  hydrolytic  products  of  the  particulate  iodoprotein  differed  from 
those  of  the  soluble  iodoproteins  in  that  a  larger  proportion  of  the  radio¬ 
iodine  (14  to  22%)  remained  at  the  origin  of  the  chromatograms.  In  view 
of  the  particulate  nature  of  this  material,  it  was  considered  that  this  might 
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have  been  the  result  of  inadequate  penetration  of  the  enzyme  into  particles 
containing  iodoprotein.  Continued  hydrolysis  for  48  to  72  hours  after  the 
addition  of  fresh  pancreatin,  however,  produced  little,  if  any,  reduction  of 
this  component. 

Hydrolysates  of  the  tumor  S-1  iodoprotein  also  contained  large  quanti¬ 
ties  of  radioiodine  at  the  origin  of  the  chromatograms.  Measurement  of 
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the  pH  at  the  end  of  hydrolysis  in  some  of  these  mixtures  indicated  that  the 
pH  had  fallen  considerably  below  tlie  optimum  for  the  pancreatic  en¬ 
zymes. 

\\'hen  the  results  of  hydrolysis  of  the  various  fractions  were  corrected 
for  variations  in  unhydrolyzed  material  and  iodide  (Table  8),  it  was  pos¬ 
sible  to  compare  them  in  terms  of  the  relative  quantities  of  iodinated  tyro¬ 
sines  and  thyronines  liberated  by  proteolysis.  These  comparisons  are  pre¬ 
sented  graphically  in  Figure  10.  The  ratio  of  diiodotyrosine  to  monoiodo- 
tyrosine,  and  the  ratio  of  iodothyronines  to  iodotyrosines  in  thyroglobulin 
increased  with  time  after  administration  of  The  particulate  iodopro¬ 
tein  had  the  same  relative  proportions  of  di-  and  monoiodotyrosine  as  did 
thyroglobulin,  but  its  iodothyronine  content  was  consistently  lower.  This 
difference,  however,  was  due  only  to  a  lower  thyroxine  content  since  tri¬ 
iodothyronine  in  the  particulate  iodoprotein  was  the  same  as  or,  perhaps, 
higher  than  in  thyroglobulin  (Table  3).  In  hydrolysates  of  the  tumor  S-1 
fraction,  diiodotyrosine  and  the  iodothyronines  were  relatively  lower  than 
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in  either  thyroglohulin  or  particulate  iodoproteiii,  even  though  these  S-1 
fractions  were  contaminated  with  thyroglohulin. 

The  .serum  iodoprotein  subjected  to  hydroly.sis  had  been  separated  from 
other  .serum  radioiodine  constituents  by  chromatography  in  the  butanol- 
XlhOH  solvent.  The  origin  of  the  chromatogram  was  cut  out,  finely 
minced,  and  suspended  in  the  buffered  pancreatin.  Hydrolysates  of  the 
serum  iodoprotein  contained  relatively  less  diiodotyrosine  and  iodothyro- 
nine  than  did  any  of  the  tumor  fractions  in  the  same  animals. 

In  vitro  expekiments 

The  results  of  experiments  in  which  tumor  iodine  was  labeled  in  vitro 
are  presented  in  Table  8.  These  data  are  given  separately  since  they  differ 


T.\bi.e  8.  R.\I)1(>ioiune 

IN  THY  Roll) 

Tl  MOR  SLICKS 

i,.\KKi.Ei>  In  Vitro 

Front 

Time  of 

Kxpi-riment  .\ddition  incubation 

Total 

{131 

( )r^aiuc 

|131 

Particulate  running 

iodoprotein* * * §  component 
(%  of  organic  (%  "f 

(hours) 

(%  of 

added  1'“') 

P”)  particulate 

iodojirotiun) 

1 1  0  J 

15 

■>  o 

III!  40 

11 

40 

20 

211  9 

t) 

52 

40 

22  5 

2{  0  11 

24 

111 

28  5 

29 

10 

28 

M.MI  11 

11 

0 

0 

12 

0.04 

100 

:i§  0  J 

7.0 

1  . 1 

42 

8.0 

0.88 

10 

KCl  1 

0.79 

0.12 

.50 

1  .4 

0.91 

HO 

11 

11. 1 

2.0 

Ill 

11. 0 

11. 1 

lit) 

KBr  1 

2.11 

1  .0 

HO 

2.0 

1  .  1 

III! 

11 

4.2 

11. H 

29  H 

Il.i) 

11.5 

29 

KSCN  1 

1  .0 

1  .11 

HH 

0.71 

0.48 

42 

11 

0.95 

0.85 

Hit  .5 

1  .2 

0.91 

114 

*  The  value  for  “particulate  iodoprotein”  includes  the  front  running'  component  (cf.  text). 
Chromatography  was  not  done  in  those  where  no  value  is  listed. 

t  Tissue  Slices  =  285-290  mg.  Medium  =  It  ml.,  50  /ic.  iodide  -  I'^'. 

t  Tissue  Slices  =  194-215  mg.  Medium  =11  ml.,  50  fic.  iodide — 1'^‘.  .\ddition  =  1  methyl-2- 
mercaptoimidazol  (MMI),  10“®.lf. 

§  Tissue  Slices  =  140-105  mg.  Medium  =11  ml.,  .50  /ic.  iodide  1'”  for  first  J  hour.  Slices 
were  then  removed,  rinsed,  and  transferred  to  non-radioa<dive  medium  containing  the  addi¬ 
tion  compound,  10~''.l/. 
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in  certain  respects  from  those  obtained  in  vivo.  The  tumor  slices  functioned 
well.  On  a  per  cent  per  mg.  basis,  accumulation  by  the  slices  was  con¬ 
siderably  greater  than  in  vivo,  but  such  differences  obviously  depend  on 
tissue:  medium  ratios  on  the  one  hand,  and  tumor  size  and  tumor  blood 
flow,  on  the  other.  Comparison  of  hydrolysates  of  soluble  iodoproteins  in 
slices  incubated  3  hours,  with  the  3-hour  in  vivo  experiment,  indicate  a 
lesser  iodination  in  vitro.  Whereas,  the  in  vivo  labeled  material  had  a  di- 
iodotyrosine:monoiodotyrosine  ratio  of  3.3  and  contained  10%  thyroxine, 
the  in  vitro  labeled  soluble  iodoproteins  had  a  D:M  ratio  of  about  1,  and 
contained  1%  or  le.ss  thyroxine.  By  6  hours,  the  soluble  iodoproteins  in  the 
slices  contained  only  5%  thyroxine,  in  contrast  to  24%  at  7  hours  in  vivo. 

A  considerable  proportion  of  the  radioiodine  in  the  slices  was  in  the  form 
of  iodide.  It  is  uncertain,  however,  whether  this  was  due  entirely  to  in¬ 
adequate  rinsing  of  the  slices  prior  to  analysis,  or  whether  organification  of 
iodine  was  a  rate  limiting  step.  The  relative  proportion  of  radioiodide  de¬ 
creased  with  time. 

When  calculated  on  the  basis  of  per  cent  of  organic  in  the  slice,  the 
proportion  in  the  particulate  fraction  was  higher  than  in  vi  vivo  labeled 
tumor  at  similar  time  intervals.  At  the  ^  hour  time,  at  least,  this  difference 
appears  to  be  due  to  the  inclusion  of  material  other  than  iodoprotein  in  the 
particulate  fraction.  This  material  moved  to  the  solvent  front  on  chroma¬ 
tography  and  was  found  to  be  soluble  in  petroleum  ether.  A  similar  front 
running  component  was  inconsistently  present  in  the  in  vivo  experiments, 
and  comprised  less  of  the  particulate  fraction.  It  may  be  similar  to  the 
front  running  component  found  after  incubation  of  thyroid  homogenates 
with  radioiodide  (3o).  Another  possible  explanation  for  the  relatively  high¬ 
er  particulate  iodoprotein  in  the  in  vitro  experiments  is  the  loss  of  soluble 
iodoprotein  from  the  slices  to  the  medium  during  incubation. 

Soluble  iodoproteins  formed  by  the  slices  were  similar  to  those  found  in 
vivo,  but  some  differences  were  noted.  The  relative  quantity  of  8-1  iodo- 
))rotein  determined  by  salting-out  was  the  same  (Table  4)  but  the  solu¬ 
bility  of  thyroglobulin  in  phosphate  buffer  may  have  been  slightly  lower. 
In  zone  electrophoresis,  the  fast  peak  moved  with  human  alpha-1  globulin, 
which  was  slower  than  for  in  vivo  labeled  material,  and  a  large  proportion  of 
radioiodine  was  found  in  a  broad  peak  extending  over  the  remainder  of  the 
globulin  areas.  Reverse  flow  electrophoresis  was  not  performed,  and  these 
studies  were  done  in  only  one  in  vitro  experiment.  These  results  reejuire 
confirmation,  inasmuch  as  .soluble  iodoproteins  formed  in  vivo  and  in  vitro 
by  the  .same  human  thyroid  tissue  (25)  were  not  significantly  different. 

EFFECT  OF  ANTITHYROID  AGENTS  ON  IODOPROTEIN  FORMATION 

Two  agents  known  to  interfere  with  iodination  in  the  thyroid,  but  acting 
at  different  steps,  were  tested  for  their  effect  on  the  formation  of  the  other 
iodoproteins.  The  results  are  given  in  Table  8.  In  Experiment  2,  methyl 
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mercaptoimidazole  was  shown  to  prevent  the  formation  of  iodoprotein  by 
tissue  slices.  The  small  amount  present  in  one  is  probably  of  no  significance. 

In  Experiment  3,  tissue  slices  were  incubated  for  ^  hour  with  radioiodide 
and  then  transferred  to  a  non-radioactive  medium  containing  the  test  sub¬ 
stance.  In  the  presence  of  KCl  or  KBr,  the  iodide  carried  over  with  the  slice 
was  lost  to  the  medium,  and  then,  in  part,  incorporated  into  particulate 
and  soluble  iodoprotein.  KSCX  prevented  further  incorporation  of  radio¬ 
iodine.  It  is  of  interest  that  during  the  2^  hour  interval  in  the  presence  of 
KSCX  there  appeared  to  be  no  change  in  the  relative  proportions  of  par¬ 
ticulate  and  soluble  iodoprotein.  There  was  no  evidence,  therefore,  for  con¬ 
version  of  particulate  to  soluble  iodoprotein,  but  the  time  of  the  experi¬ 
ment  may  have  been  too  short  or  KSCX  may  have  iidiibited  such  a  reac¬ 
tion. 

COMMENTS 

The  data  presented  here  demonstrate  that  iodine-containing  proteins 
other  than  thyroglobulin  can  be  detected  in  the  tumor  and  in  the  blood  of 
rats  bearing  a  transplantable  thyroid  tumor.  The  accompanying  paper  in¬ 
dicates  that  these  findings  are  not  unique  for  neoplastic  thyroid  tis.sue,  but 
can  be  found  in  the  normal  thyroid  gland,  and  also  that  they  are  not  uniciue 
for  the  rat.  The  results  of  hydrolysis  with  proteolytic  enzymes  show  clearly 
that  these  iodoproteins  are  neither  the  result  of  occlusion  or  addition  of  in¬ 
organic  iodine  to  protein,  nor  the  result  of  inclusion  of  thyroglobulin  in  the 
various  fractions.  These  iodoproteins  have  not  been  isolated  in  pure  form 
but  certain  of  their  phy.sico-chemical  properties  have  been  studied  by  in¬ 
direct  means,  employing  radioiodine. 

Two  distinct  categories  of  iodoprotein  have  been  found.  One  is  insoluble 
in  O.lo  M  XaCl,  and  appears  to  be  associated  with  cell  nuclei.  The  other  is 
soluble  in  0.15  M  XaCl,  as  is  thyroglobulin.  It  is  proposed  that  these  classes 
of  iodoproteins  be  designated  “particulate  iodoprotein”  or  “P,”  and  “sol¬ 
uble  iodoprotein,”  or  “S.”  These  may  be  further  identified  by  prefixing  the 
species  and  tissue  of  origin,  and  suffixing  an  identifying  number.  Thus,  this 
paper  has  de.scribed  three  iodoproteins  other  than  thyroglobulin:  rat  thy¬ 
roid  P-1,  rat  thyroid  S-1,  and  rat  serum  S-1.  The  S-1  iodoproteins  might  be 
further  classified  by  their  electrophoretic  mobility.  Thyroglobulin,  which 
denotes  a  well  characterized  protein  species,  would  continue  to  be  called 
thyroglobulin. 

The  particulate  iodoprotein  described  in  this  paper  is  different  from  that 
which  has  been  found  after  incubation  of  thyroid  tissue  homogenates  with 
radioiodine  (35).  The  latter  material,  when  fractionated  into  subcellular 
particles,  is  found  largely  in  the  “mitochondrial”  fraction  (36).  Taurog, 
Potter  and  Chaikoff  (35)  found,  however,  that  isolated  nuclei  from  sheep 
thyroid  cells  were  capable  of  forming  small  amounts  of  iodoprotein  in  vitro. 
The  relationship  of  this  material  to  the  P-1  iodoprotein  produced  in  vivo 
and  in  tissue  slices  remains  to  be  determined. 
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l^orahok  (37),  on  the  Basis  of  the  sodium  nitrite  color  reaction,  described 
the  presence  of  thyroxine  and  diiodotyrosine  in  hydrolysates  of  cell  nuclei 
isolated  from  swine  thyroids  amounting  to  2.7%  and  4.7%,  respectively, 
of  the  total  (piantity  of  each  substance  in  the  glands.  Other  cell  particles 
contained  much  smaller  (piantities.  The  identification  methods  employed 
were  less  specific  than  chromatographic  analysis  and  the  method  for  pre¬ 
paring  nuclei  was  different  from  that  used  here.  Taurog  and  co-workers 
(35),  on  the  other  hand,  found  the  nuclear  fraction  of  sheep  thyroid  to  con¬ 
tain  0.35  to  2.0%,  of  the  total  thyroid  I'-‘,  whereas  the  mitochondrial- 
microsomal  fraction  contained  3.3  to  5.5%. 

It  is  not  entirely  certain  that  P-1  iodoprotein  is  actually  part  of  the  cell 
nucleus.  l)xamination  of  the  nuclear  fraction  by  light  microscopy  revealed, 
in  addition  to  a  uniform  collection  of  nuclei,  an  internuclear  amorphous 
material  which  stained  pink  with  hematoxylin  and  eosin.  hdectron  mi¬ 
croscopy  has  not  been  done  on  these  preparations  and  autoradiography  has 
so  far  been  unsatisfactory. 

The  finding  of  iodoprotein  in  association  with  a  particulate  cell  fraction  j 
suggests  the  possibility  that  it  might  be  associated  with  thyroglobulin  syn¬ 
thesis.  The  change  of  radioactivity  with  time  in  the  particulate  and  thyro¬ 
globulin  tumor  fractions,  however,  was  not  as  might  be  expected  with  such 
a  precursor-product  relationship.  Instead  of  an  early  ri.se  in  P-1  followed 
by  a  later  ri.se  in  thyroglobulin,  the  opposite  was  found.  Lack  of  specific  ac- 
tivity  data,  however,  prevents  exact  interpretation.  The  in  vitro  experi-  | 
ment  in  which  KSCN  was  introduced  after  labeling  of  the  tumor  also 
failed  to  demonstrate  a  conversion  of  P-1  to  thyroglobulin,  but  the  time  of 
incubation  may  have  been  too  short.  The  per.si.steiitly  lower  thyroxine  con¬ 
tent  of  P-1  iodoprotein  is  also  contrary  to  what  might  be  expected  if  P-1 
was  the  precursor  of  thyroglobulin,  although  it  is  conceivable  that  com¬ 
pletion  of  synthesis  of  the  thyroglobulin  molecule  could  precede  comple¬ 
tion  of  iodination. 

The  nature  of  the  P-1  iodoprotein  has  not  been  established,  but  is  cur¬ 
rently  under  study. 

The  S-1  iodoprotein  is  of  interest  in  relation  to  the  finding  of  iodoprotein 
in  the  blood  of  patients  with  certain  thyroid  di.sorders.  Although  they  may 
not  be  identical,  rat  serum  S-1  and  rat  thyroid  S-1  bear  a  considerable  re- 
.semblance  to  each  other.  Of  further  significance  is  the  fact  that  human  thy¬ 
roid  S-1  and  human  .serum  S-1,  while  different  from  the  rat  iodoproteins, 
are,  again,  similar  to  each  other  (14,  25).  It  seems  likely,  therefore,  that 
thyroid  S-1  iodoprotein  is  the  presur.sor  of  the  serum  iodoprotein.  Hat  S-1 
iodoprotein,  unlike  that  in  man,  is  shown  by  electrophoresis  to  consist  of 
.several  separate  components.  At  the  pre.sent  state  of  knowledge,  however, 
it  seems  preferable  to  refer  to  them  as  a  unit. 

The  data  presented  do  not  permit  any  conclusions  with  respect  to  the  re¬ 
lationship,  if  any,  between  S-1  iodoprotein  and  thyroglobulin.  S-1  could  be 
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incompletely  synthesized  thyroglohnlin,  partially  degraded  thyroglohnlin 
or,  on  the  other  hand,  an  alternate  pathway  for  iodination.  Since  the 
labeled  diiodotyrosine  and  iodothyronine  content  of  serum  S-1  is  consist¬ 
ently  lower  than  that  of  thyroid  S-1,  it  would  appear  that  this  substance 
is  secreted  at  an  early  stage  in  its  iodination.  This  is  consistent  with  its 
early  appearance  in  the  blood  after  radioiodine  administration. 

The  in  vitro  experiments  demonstrated  that  incorporation  of  iodine  by 
the  several  iodoproteins  was  prevented  by  potassium  thiocyanate,  which 
interferes  with  iodide  accumulation,  and  by  mercaptoimidazole,  which  juay 
act  by  interfering  with  iodide  oxidation.  It  remains  to  be  shown,  however, 
whether  or  not  the  various  thyroid  iodoproteins  are  iodinated  by  a  single 
iodinating  system. 
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lODOPROTEINS  IN  NORMAL  AND  ABNORMAL  HUMAN 
THYROID  TISSUE  AND  IN  NORMAL 
SHEEP  THYROIIT 

JACOB  ROBBINS,  J.  WOLFF  axd  J.  E.  BALL 

(linical  Kndocrin-ology  Branch,  Sational  Institute  of  Arthritis  and  Metabolic  Diseases, 
Xational  Institutes  of  Health,  Bethesda,  Maryland 

ABSTRACT 

Two  tyjM'x  of  iofloproteins  other  than  thyroglobulin  have  been  found  in 
normal  and  abnormal  human  thyroid  tissue  and  in  normal  sheep  thyroid.  They 
are  similar  to,  but  not  identical  with,  iodoproteins  previously  described  in  a 
functioning!;  rat  thyroid  tumor,  and  were  detected  in  tissue  labeled  with 
either  in  vivo  or  in  vitro. 

One  of  these  iodoproteins,  termed  “particulate  iodoprotein”  or  “P-1”  was 
not  extractable  from  thyroid  homogenates  with  0.15  .1/  XaCl.  It  comprised 
from  1  to  6%  of  the  organic  radioiodine  in  normal  thyroids  and  in  several 
abnormal  thyroid  tissues,  but  was  37%  in  a  follicular  carcinoma. 

The  second  iodoprotein,  termed  “S-1  iodoprotein,”  was  soluble  in  0.15  M 
NaCl,  but  differed  from  thyroglobulin  in  otlu'r  physical  properties.  It  was  mori‘ 
soluble  than  thyroglobulin  in  i)hosj)hate  buffer,  sedimented  more  slowly  in  the 
ultracentrifuge,  and  had  a  faster  electrophoretic  mobility.  It  comprised  from  1 
to  7%  of  the  extractable  organic  radioiodine  in  normal  and  in  a  wide  variety 
of  abnormal  thyroids,  but  was  as  high  as  19%  in  a  follicular  thyroid  adenoma. 
Thyroid  S-1  iodojjrotein  resembles  iodoprotein  previously  described  in  tluf 
blood  of  abnormal  human  subjects. 

One  poorly  differentiated  thyroid  carcinoma,  which  had  been  labeled  in 
vitro,  contained  iodoprotein  which  differed  from  that  found  in  the  other  tissues. 

Thyroglobulin  in  human  and  sheep  thyroid  tissue  differed  slightly  from  rat 
thyroglobulin  in  solubility  in  phosphate  buffer  and  in  electrophoretic  mobilit\'. 
There  was  also  a  small  difference  in  electrophoretic  mobility  detected  between 
thyroglobulins  in  the  various  human  tissues. 

The  manner  in  which  the  non-thyroglobulin  iodojjroteins  partieijjate  in 
thyroid  physiology  is  not  yet  understood. 

HITHEHTO  undescribed  iodoproteins  discovered  in  a  transplantable 
thyroid  tumor  in  the  rat  are  described  in  an  accompanying;  paper 
(1).  This  report  is  concerned  with  the  presence  of  analogous  iodoproteins 
in  human  and  sheep  thyroid  tis.sue.  Literature  pertinent  to  this  problem  is 
reviewed  in  the  previous  paper. 

MATERIALS  AND  METHODS 

Tissue  was  obtained  from  lb  subjects  undergoing  surgical  thyroidectomy.  Normal 
thyroid  tissue  was  obtained  when  the  thyroid  disease  was  clearly  localized  or  was  non- 

*  Presented  in  part  at  the  1958  Meeting  of  the  .\merican  (loiter  Association. 
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functional,  or  from  subjects  undergoing  laryngectomy  for  carcinoma  of  the  larynx. 
Thyroid  glands  from  freshly  killed  sheep  were  pooled. 

Details  concerning  the  patients  are  given  in  Table  1.  The  case  numbers  identify 
individual  patients,  in  some  of  whom  more  than  one  type  of  tissue  was  studied.  The 
tissue  diagnosis  is  based,  in  each  instance,  on  histological  examination.  In  case  2,  the 
normal  thyroid  tissue  was  infiltrated  with  anaj)lastic  thyroid  carcinoma.  Analysis  of  a 
lymph  node  metastasis  from  this  tumor  indicated  that  it  had  minimal  function  in  com¬ 
parison  to  the  thyroid  gland.  In  case  o,  the  normal  thyroid  was  the  site  of  metastasis 
from  an  adenocarcinoma  thought  to  be  of  prostatic  origin. 

Case  7  was  clinically  euthyroid,  although  the  thyroid  gland  showed  moderate  hyper- 
l)lasia.  The  tissues  listed  as  “nodular  goiter”  comj)rise  a  heterogeneous  group  in  which 
a  more  specific  diagnosis  could  not  be  made.  The  thyroid  architecture,  although  for  the 
most  part  well  differentiated,  exhibit(‘d  much  pleomorphism  in  terms  of  cell  height, 
amount  of  colloid,  shape  of  the  follicles,  etc.  In  cases  9,  10  and  11,  portions  of  the  goiter 
which  appeared  different  macroscopically  were  analyzed  separately.  None  of  these 
glands  had  been  associated  with  clinical  hyperthyroidism  or  hypothyroidism. 

'I'he  tissues  listed  as  “follicular  adenoma”  were  characterized  bj-  their  occurrence  as 
discrete,  encapsulated  areas  of  abnormal  tissue  in  an  otherwise  normal  gland.  The  fetal 
adenoma  was  of  microfollicular  typo  and  involved  almost  the  entire  thyroid  gland. 

The  tissues  listed  as  “carcinoma”  were  obtained  from  metastases  in  the  neck  which 
were  clearly  outside  of  the  thyroid  gland  except  in  case  16.  In  the  latter  the  larg(‘,  ana¬ 
plastic  tumor  contained  .scattered  follicles  which  may  have  been  normal  thyroid  tissue. 
In  ca.se  15,  the  normal  thyroid  had  been  ablated  when  the  i)atient  had  received  2.50 
me.  of  1'^*  for  therapy  of  other  metastases  6  years  previously.  Surgical  excision  of  recur¬ 
rent  tumor  was  demanded  bj-  tracheal  obstruction.  In  ca-se  13,  the  residual  thj’roid  gland 
remaining  from  partial  thyroidectomy  23  years  j)reviously  was  removed  and  found  to 
be  abnormal  but,  aj)parently,  not  carcinomatous  It  is  listed  as  “nodular  goiter.”  The 
follicular  carcinomas  in  both  case  13  and  15,  although  predominantly  well  differentiated, 
disi)laye«l  the  usual  [)leomorphism  and  contained  areas  of  anai)lastic  epithelium. 

Labeling  of  these  tissues  was  performed  in  vivo  by  the  oral  administration  of  radio¬ 
iodide,  or  in  vitro,  as  indicated  in  Table  1.  In  cases  2,  7  and  12,  some  of  the  in  vivo 
labeled  tissue  was  also  incubated  in  vitro  with  1*’*.  Since  the  latter  procedure  introducetl 
a  much  higher  (piantity  of  radioiodine,  it  was  possible  to  stinh'  both  in  vivo  and  in  vitro 
labeled  iodoproteins  in  the  .same  tissue. 

In  the  in  vitro  procedure,  fresh  tissue  slices  approximatelj’  0.2  to  0.5  mm.  thick  were 
incubated  in  an  oxygenated  Krebs-Ringerphosj)hatc  medium,  j)!!  7.4  at  37°  (’  in  an  oscil¬ 
lating  water  bath.  The  duration  of  incubation  is  given  in  Table  1.  The  tissue  slices: 
medium  ratio  varied  from  150  to  330  mg./ml.  Except  in  cases  3,  7  and  11,  however,  the 
(piantity  of  I'^*  accumulated  by  the  slices,  as  given  in  Table  1,  was  measured  in  separate 
ex|)eriments  in  which  the  ratio  was  35  to  70  mg.,  nil. 

'I'lic  in  vivo  radioiodine  dos('s  were  from  50  to  300  /ac.;  the  time  between  dose  and  tissue 
removal  are  given  in  Table  1.  The  quantity  of  I*’*  accumulated  in  vivo,  as  listed  in  Table 
1,  was  determined  by  a  separate  tracer  dose  given  a  short  time  before  the  experimental 
dos(‘,  and  accumulation  was  measured  at  24  hours. 

The  methods  emjiloyed  for  fractionation  and  analysis  of  iodine-containing  component 
of  the  tissues  w(‘re  the  same  as  those  described  before  (1). 

RESULTS  AND  DISCUSSION 

The  quantity  of  radioiodine  accumulated  bj’  the  human  thyroid  ti.ssues, 
and  the  proportion  of  thi.s  iodine  which  was  in  organic  form,  are  listed  in 
Table  1.  The  latter  figure  represents  radioiodine  which  did  not  move  from 
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the  origin  on  ciiromatography,  and  was  shown  i)y  hydrolysis  to  be  com¬ 
posed  of  iodoproteins  (of.  below).  Iodide  comprised  almost  all  of  the  re¬ 
maining  radioiodine.  In  the  in  vitro  experiments,  it  is  not  known  what  pro¬ 
portion  of  this  iodide  was  due  to  mechanical  occlusion  only.  Smaller  quan¬ 
tities  of  other  radioiodine  components  were  sometimes  found  on  the 
chromatograms,  as  described  in  the  previous  paper  (1). 

PARTICULATE  lODOPROTEIX 

In  the  early  phases  of  this  work,  the  existence  of  a  thyroid  radioiodine 
fraction  insoluble  in  0.15  M  XaCl  was  unsuspected.  Consequently,  in  only 
7  of  the  cases  studied  was  this  “particulate”  radioiodine  measured.  In  one 
follicular  carcinoma,  the  value  of  87%  for  particulate  iodoprotein  was  simi¬ 
lar  to  that  found  in  rat  thyroid  tumors  (1).  In  the  other  tissues,  normal  or 
abnormal,  the  values  were  in  the  vicinity  of  0%  or  less.  Such  small  values 
might  be  considered  insignificant  and  due  to  procedural  artifacts.  The 
results  of  hydrolysis  (cf.  below),  however,  revealed  differences  in  iodinateil 
amino  acid  constituents  between  the  particulate  and  the  soluble  iodopro¬ 
teins  in  about  half  of  the  cases. 

Separation  of  the  tissue  homogenate  into  subcellular  particulate  frac¬ 
tions  was  performed  in  case  4,  a  normal  thyroid  gland,  by  means  of  the 
two-phase  .sucrose  technique  of  Hogeboom,  Schneider  and  Striebech  (2), 
employing  added  CaCl>.  ddie  “nuclear”  fraction  contained  8.S%  of  the 
organic  iodine  in  this  tissue,  which  had  been  labeled  in  vivo.  This  finding  re- 
(|uires  confirmation. 

Chromatographic  analysis  of  the  particulate  fraction  was  performed  in 
all  but  one  instance.  Almost  all  of  the  radioiodine  remained  at  the  origin, 
.8%  or  less  was  iodide,  and  from  0  to  9%  moved  with  the  solvent  front 
(Table  1). 


SOLUBLE  lOnOPROTEIN’S  HUMAN'  THYROID  TISSUE 

Salting-out  curves  in  phosphate  buffer  (equimolar  KIl2P()4  KoIIPO, 
pH  ().5)  were  carried  out  with  the  soluble  iodoproteins  from  each  of  the 
tissues.  In  about  3  of  these,  a  0.15  M  XaCl  extract  of  the  tissue  was  used  as 
starting  material.  In  the  others,  the  supernatant  phase  of  ti.ssue  homoge¬ 
nized  in  0.15  M  XaCl  was  used.  In  two  instances  (cased  normal,  ca.se  11), 
.separate  salting-out  curves  of  extract  and  .supernatant  were  not  signifi¬ 
cantly  different.  All  curves  except  for  that  in  ca.se  16  were  performed  with 
added  normal  human  serum. 

A  typical  salting-out  curve  is  illustrated  in  Figure  1.  Most  of  the  soluble 
iodoprotein  precipitated  at  low  buffer  concentrations  in  a  manner  typical 
for  thyroglobulin.  In  Table  2,  the  buffer  concentration  at  which  each  salt¬ 
ing-out  curve  exhibited  its  steepest  slope  is  listed.  These  values  ranged 
from  1..54  to  1.68  M  in  the  normal  human  thyroids  (mean  1.60  ±.05),*  and 


*  Moan +standaril  deviation. 
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from  1.50  to  1.68  M  in  the  abnormal  tis.sues  (mean  1.57  +  .05).  The  overall 
mean  was  1.58 +  .05.  In  the  carcinoma  from  case  2,  a  value  is  not  given 
since  the  salting-out  curve  was  very  much  different  from  all  the  others. 
Apparently  this  tissue  did  not  incorporate  into  thyroglobulin  (cf.  be¬ 
low).  It  seems  likely  that  the  variations  between  individual  curves  were 
due  to  experimental  error,  and  that  the  solubility  of  thyroglobulin  from 
abnormal  tissues  was  not  significantly  different  from  normal.  In  those  ex¬ 
periments  in  which  normal  and  abnormal  tissue  were  examined  in  the 
same  .subject  (cases  1,  8  and  4),  the  slope  maxima  agreed  clo.sely.  Compari¬ 
son  of  thyroglobulin  labeled  in  vivo  and  in  vitro  showed  no  significant  dif- 


CONCENTRATION  OF  K,HPO,-KKPO 

2  4  2  4 

ference  in  ca.se  2-normal  and  ca.se  12,  but  the  latter  appeared  to  be  less  .sol¬ 
uble  in  case  7. 

The  .salting-out  curve  of  the  tissue  extract  in  Figure  1  also  demonstrates 
the  pre.sence  of  a  small  amount  of  iodoprotein  which  is  more  soluble  than 
thyroglobulin  in  phosphate  buffer.  Quantitation  of  this  material  is  imli- 
cated  in  Table  2,  where  it  is  listed  as  “thyroid  S-1  iodoprotein.”  The  values 
were  calculated  by  subtracting  the  iodoprotein  soluble  in  2.98  M  phosphate 
buffer  from  that  soluble  in  1.89  M.  In  .seven  in.stances,  salting-out  curves 
were  performed  on  undialyzed  extracts  or  supernatants  labeled  in  vitro, 
whereas  all  other  curves  were  obtained  either  with  in  vitro  labeled  material 
which  had  been  dialyzed  against  a  large  volume  of  .001  M  phosphate  buf¬ 
fer,  or  on  in  vivo  labeled  material.  As  indicated  in  Table  2,  it  was  necessary 
to  correct  the  S-1  iodoprotein  values  in  these  seven  instances  for  the  iodide 
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Table  2.  SAi.TiNCi-oi  T  <>k  solvble  iodoproteixs  ix  htmax  axd  sheep  thyroid  tissi  e 


Case  Xo. 

1.10  .M 

1.4  .M 

1.80  .M 

2.08  .M 

S  1 

Slope 

maximum 

Sonnal  human 

1 

100 

07.0 

7.0 

GC 

2  (in  vivo) 

00.0 

01  .0 

0.0 

5.0 

4.0 

1  .58 

2  (in  litro) 

QC 

84.7 

11.1 

4.4 

0 . 7 

1.54 

:i 

100 

02 . 1 

7.0 

8.0 

4.0 

1  .54 

4 

0.5 . 7 

04.0 

2.0 

1 .5 

1 . 1 

1 .01 

5 

0(i.2 

04.0 

5.0 

2.8 

2 . 7 

1  .01 

(') 

02.0 

88.0 

7.1 

5 .7 

1  .4 

1  .01 

Abnormal  human 

7  (in  vivo) 

104 

07.8 

0.0 

0.0 

0 

1  .04 

7  (in  vitro) 

o:{.8 

82.2 

0.0 

5.8 

0.8 

1  .50 

8 

105 

88.0 

8.8 

1  .0 

(i.O 

1  ..50 

Oa 

07.4 

80.8 

82 . 1 

20.  (i* 

(2.5) 

1  ..58 

Ob 

07.2 

01  .4 

50.2 

40.8* 

(1.8) 

1  ..50 

Ida 

100 

102 

40.5 

40.0* 

(2.1) 

1  .01 

lOb 

08.2 

0(i.5 

47.8 

41  .5* 

(1.2) 

1  .01 

1  la 

08.0 

00.7 

88.8 

27.2* 

(8.0) 

1  .54 

11b 

08 . 4 

05 . 1 

78.0 

00.1* 

(2.1) 

1  .  .50 

12  tin  vivo) 

08.2 

08.7 

.5.2 

8.8 

1  .0 

1  ..58 

12  (in  vitro) 

07.8 

08.7 

80.7 

25.8* 

(1.0) 

1  ..58 

Vi(\) 

00.0 

01  .4 

5.2 

1  .4 

8.8 

1  ..58 

1 

101 

08.0 

11.2 

7 . 7 

8.5 

1  .08 

:5 

07.2 

08 . 4 

24.0 

4.7 

10.8 

1  ..50 

4 

00.5 

08.8 

7.0 

2.8 

4.8 

1  .01 

14 

80.0 

85 . 4 

18.2 

7.0 

10.0 

1  .01 

15 

100 

05.8 

8.1 

1  .8 

0.8 

1  ..58 

ld{2) 

04 . 4 

00.0 

12.0 

8.8 

8.2 

1  ..58 

2x 

70.0 

08.0 

.50.0 

41  .5 

2y 

80 . 1 

75.0 

.50.4 

80.8 

lot 

o:{.2 

88.5 

0.2 

7.4 

1  .8 

1  .04 

\ormal  Kherp 

0.5 . 0 

80.0 

8.0 

1  .0 

1  .7 

1  . 45 

(’oluniiis  2  through  5  give  the  per  pent  solubility  of  radioiodine  at  the  indieated  poneentra- 
tions  of  KnjP04-K;HF()4.  Column  6  is  the  differenee  between  polumns  4  and  5.  Column  7 
gives  the  molar  eoneentration  of  KH5P04-K:PH()4  at  whieh  the  salting  out  purve  of  thyro- 
glohulin  had  its  maximum  slope. 

*  These  jireparations  were  labeled  in  vitro  and  were  not  dialyzed  prior  to  salting  out.  The 
value  for  S-1  in  parenthesis  has  been  porreeted  for  iodide  (ef.  text). 

+  The  jirejiaration  employed  for  salting-out  pontained  .877  mg.  of  lyophylized  tissue  ex- 
trapt,  8  ml.  of  0.15  M  XaCl,  and  10  ml.  of  water.  Serum  was  not  added. 
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which  would  salt  out  over  the  same  range  of  butfer  concentration  presum¬ 
ably  as  a  result  of  interaction  with  serum  albumin.  From  experiments  per¬ 
formed  earlier  (3),  it  was  known  that  approximately  10%  of  iodide 
added  to  normal  serum  precipitates  between  1.89  and  2.98  M  phosphate 
buffer. 

In  normal  thyroids,  S-1  iodoprotein  comprised  from  1.1  to  0.7%  of  the 
soluble  iodoprotein  (mean  .‘1.5%).  .Most  of  the  values  for  the  abnormal  tis¬ 
sues  fell  within  the  normal  range.  In  case  7,  it  may  have  been  lower,  and 
ill  the  adenomas  from  cases  .‘1  and  14  it  was  higher  than  in  normal  ti.s.sue. 
In  the  carcinoma  from  ca.se  2,  a  value  is  not  given  since  the  entire  .salting- 
out  curve  differed  from  tho.se  obtained  with  alt  other  tissues  (cf.  below). 

In  the  normal  and  adenoma  ti.s.sue  from  ca.se  4,  the  .saline  extracts  were 


Tablk  Fractionation  ok  sou  ble  ioi>opr(»teins  in 

lU'.MAN  AND  SIIEEI*  THYROID  TISSI  E 


Thyroitl  tissue 

IMiospliate  fraction 

%  of  total 
tissue  wt. 

%  of  total 
extract 

T1  yr(>- 
tflohulint 

(%  of  !>’' 

in  fraetioti) 

Xorni:il-(’;ise  1 

<1.1  -M 

0 . 5 

3.0 

1.1  - 1  . 7."i  .\1 

3.4 

01  . 

1  .!»•_> -2. !I8  .M 

0.3 

0.4 

32 

A<leiiom:i-(’:ise  4 

<1.4  -M 

0 . 5 

8.5 

1  .4  -1  .7b  .M 

0.0 

40. 

1  .'.r_>-2.t»8  .\I 

0.4 

2.5 

23 

Xorinal  slua'p 

<  1  .:i:i  .M 

0.3 

0.0 

1 .4  -1 .7b  M 

7.0 

41  . 

1  .75  2.98  .M 

0.2 

1  .3 

24 

*  'I'he  tissue  (‘Xtract 

was  dialyzed  prior 

to  fractionation. 

“Total”  refe 

•s  only  to  non- 

(lialyzal)le  railioiodine. 

t  Determined  from  s 

dting  out  curve. 

fractionated  with  phosphate  buffer 

as  indicated 

in  Table  5. 

These  data 

should  be  considered  in  the  light  of  recovery  experiments  which  showed 
that  when  whole  extracts  of  the  normal  and  adenoma  ti.ssues  were  carried 
through  the  dialysis  and  lyophylization  steps  u.sed  in  preparation  of  the.se 
fractions,  the  recovery  of  radioiodine  was  70  and  75%,  respectively.  From 
the  data  in  Table  5,  it  is  apparent  that  the  adenoma  contained  much  le.ss 
thyroglobulin  (1.4-1.75  M  fraction)  than  did  the  normal  thyroid  on  a 
weight  basis.  The  distribution  of  radioiodine  in  the  two  tissues  was  similar, 
although  there  was  a  higher  recovery  of  P'’^  in  the  1.92-2.98  fraction  (S-1) 
in  the  adenoma  in  keeping  with  the  findings  on  .salting-out  curves  prepared 
from  the  same  tissue  extracts  (Table  2).  .\s  discussed  in  the  previous  paper 
(1),  each  fraction  was  prepared  by  1  or  2  cuts  at  the  concentrations  indi¬ 
cated  .so  that  contamination  of  the  S-1  fraction  with  thyroglobulin  wa.s  ex¬ 
pected. 

Comparison.s  of  the  thyroglobulin  fraction  and  the  fraction  more  soluble 
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than  thyroglobulin  are  presented  in  Figures  1,  2  and  3.  The  data  for  the 
adenoma  are  shown  since  there  was  less  contamination  of  the  S-1  iodopro- 
tein  with  thyroglohulin,  but  the  findings  were  similar  in  the  normal  tissue. 

In  Figure  1,  salting-out  curves  demonstrate  that  the  1.92-2.98  M  frac¬ 
tion,  except  for  apparent  contamination  with  thyroglohulin,  was  much 
more  soluble  than  thyroglohulin.  The  thyroglohulin  in  the  1.4  to  1.75  M 
fraction,  on  the  other  hand,  had  been  freed  of  S-1  iodoprotein. 

In  Figure  2,  the  sedimentation  of  S-1  iodoprotein  in  the  preparative  ul¬ 
tracentrifuge  is  shown  to  be  much  .slower  than  that  of  thyroglohulin.  The 
small  amount  of  radioiodine  in  the  1.92-2.98  M  fraction  at  the  bottom  of 
the  tube  (13%  of  the  total)  is  apparently  due  to  contaminating  thyroglob- 
ulin,  and  suggest  that  the  amount  of  contamination  estimated  from  the 
salting-out  curve  (Fig.  1,  Table  3)  may  be  overe.stimated.  In  another  ultra- 


DISTANCE  FROM  TOP  OF  CELL 
(%  OF  TOTAL  VOLUME) 


Fig.  2.  Seiliiiu'iitution  of  soluble  iodo- 
jirotein  fractions  (follicular  adenoma,  case 
4)  in  the  pn'parative  ultracentrifuge 
(39,000  rpm,  3  hours,  0.1.5  M  NaCl). 


centifuge  experiment,  fractions  prepared  from  the  .soluble  iodoproteins  of 
case  3  adenoma  were  compared  directly  with  human  serum  albumin 
(Cohn  Fraction  V).  The  .sedimentation  curve  of  albumin  (determined  by 
ultraviolet  absorption  at  275  ni/x)  was  closely  similar  to  that  of  iodoprotein 
which  was  .soluble  in  2.28  M  phosphate  buffer. 

Zone  electrophoretic  analy.ses  are  shown  in  Figure  3.  Whereas  thyro- 
globulin  had  a  mobility  like  that  of  alpha  globulin  in  human  serum,  most 
of  the  radioiodine  in  the  1.92-2.98  M  fraction  had  a  mobility  like  that  of 
.serum  albumin.  The  remainder  of  the  radioiodine  in  this  fraction  was  due, 
at  least  in  part,  to  contaminating  thyroglohulin  but  there  appeared  to  be 
a  small  quantity  in  the  beta  globulin  zone  as  well.  The  presence  of  serum 
did  not  appear  to  alter  the  mobility  of  these  fractions.  The  results  of 
another  experiment  in  which  whole  saline  homogenates  of  the  normal  and 
adenoma  tissue  in  case  3  was  u.sed,  are  shown  in  Figure  4.  The  quantity  of 
S-1  iodoprotein  in  the  adenoma  was  high  enough  to  be  apparent  in  the  un- 


January,  1950  THYROID  lODOPROTEIX  IN  MAN  AND  SHEEP 


45 


IN  0.I5M  Noa 
(10  mg /ml) 


IN  NORMAL  HUMAN  SERUM 
OOmgAnl) 


l>92M- 

2.98M 


Fig.  3.  Zone  electrophoresis  of  soluble  iodoprotein  fractions  from  the  follicular  adeno¬ 
ma  of  case  4.  (Barbital  buffer,  pH  8.6,  P  2  =  0.1,  reverse  flow  technique.)  The  lyoplnl- 
ized  iodoprotein  fractions  were  dissolved  in  0.15  .1/  NaCl  or  in  normal  human  serum  at 
the  concentrations  listed.  The  paper  strij)s  stained  with  bromphenol  blue  are  mounted 
above  the  corresponding  records  of  radioactivity.  The  arrows  indicate  the  points  of 
application.  The  distance  of  the  baseline  portions  of  each  record  from  the  zero  line  indi¬ 
cates  the  background  counting  rate. 

fractionated  material  as  a  radioiodine  hand  with  the  mobility  of  albumin. 
The  normal  tissue,  on  the  other  hand,  showed  only  a  thyroglobulin  zone. 
The  amount  of  radioiodine  remaining  at  the  origin  appeared  to  be  due  to 
insoluble,  or  particulate,  radioiodine  in  the  tissue  homogenates. 

The  electrophoretic  mobility  of  thyroglobulin  was  examined  in  12  .sub¬ 
jects.  For  the.se  analy.ses,  a  small  quantity  of  tissue  homogenate,  super¬ 
natant,  or  extract  was  added  to  normal  human  .serum,  and  the  mixture  was 
.separated  by  conventional  zone  electrophoresis.  A  typical  result  is  shown 
by  the  normal  thyroid  in  Figure  4.  The  major  radioiodine  band  extended, 
in  all  cases,  from  the  anodal  end  of  the  beta  globulin  zone  to  the  anodal  end 
of  the  albumin  zone.  The  peak  of  the  radioiodine  zone  varied  slightly,  as 
indicated  in  Table  1,  and  was  either  coincident  with  the  alpha-1  globulin 
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Fig.  4.  Zone  electrophoresis  of  unfractionated  soluble  iodoproteins  in  the  normal 
thyroid  and  in  the  follicular  adenoma  of  case  3.  (Barbital  buffer,  pH  8.0,  r/2  0.1,  con¬ 
ventional  technique.)  The  anode  is  at  the  left.  Cf.  Figure  3. 
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ALB  oc,  Y 
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zone  or  with  the  inter-alplia  globulin  space,  or  was  intermediate  between 
these.  The  latter  is  listed  in  Table  1  as  “slow  a-l.”  No  consistent  difference 
was  found  between  the  normal  and  abnormal  tissue  groups,  but  in  normal 
and  abnormal  tissue  from  the  same  subject,  minor  differences  were  some¬ 
times  seen  (cf.  Fig.  4).  There  was  no  difference  between  thyroglobulin 
labeled  in  vivo  and  in  vitro.  In  about  one-half  of  these  experiments,  suffi¬ 
cient  thyroglobulin  was  present  to  be  visible  on  the  stained  protein  sfiip. 
If  appeared  to  extend  from  the  inter-alpha  space  to  the  anodal  end  of  fhe 
alpha-1  zone,  and  sometimes  obscured  the  alpha-globulin  landmarks. 


ADENOMA 


NORMAL 


$20  =  4  12  18  27 

4'ig.  b.  Sedimentation  of  tlic  unfraetiomited  saline  extracts  of  tlie  normal  thyroid 
and  follicular  adenoma  of  ease  4  (.59, 900  rpm,  0.4%  solution  in  0.1.5  M  Xa('l).  The  ex¬ 
tracts  had  been  dialyzed,  lyophylized  and  redissolved  in  the  saline.  The  values  above  and 
below  the  sehlieren  patterns  ku’c  the  sedimentation  coefficients,  in  Svedix'rgs,  of  the 
eorrespondins  boundaries.  Xote  the  diff(>r(‘nee  in  loe.ation  of  the  menisci  in  the  standard 
and  “wedge”  cells. 

Analytical  ultracentrifugo  analyses  of  the  saline  extracts  of  both  normal 
and  adenoma  from  case  4,  and  the  fractions  prepared  from  these  extracts, 
are  presented  in  Figures  5  and  (i  and  summarized  in  Table  4.  In  keeping 
with  the  data  in  Table  ff,  the  whole  extract  from  the  adenoma  contained 
relatively  less  thyroglobulin  (.S2(»=  19  S)  than  did  that  from  the  normal  ti.s- 
sue.  The  1.4-1.75  M  and  the  1.92-2.98  M  fractions,  however,  were  quite 
similar  in  the  two  tissues.  The  slow  component  in  each  of  the  more  soluble 
fractions  did  not  break  up  during  centrifugation  for  GO  minutes  but  its 
asymmetry  indicated  heterogeneity.  As  discus.sed  elsewhere  (1),  an  identi¬ 
ty  between  the  slow  component  in  the  sehlieren  pattern  and  the  S-1  iodo- 
protein  has  not  been  established. 

The  fractions  less  soluble  than  thyroglobulin  (Table  3)  were  not  exam- 


4S 


ROBBINS,  WOLFF  AND  RALL 


Volume  04 


NORMAL 


1.4- 
1.75  M 


1.92- 
2.98  M 


.820-  5  19 


ADENOMA 
20  28 


3  18 


Fig.  ().  S(‘dimi*ntation  of  soluble  iodoprotein  fractions  (normal  thyroid  and  follicular 
adenoma,  case  4  in  the  analytical  ultracentrifuge  (59,900  rpm,  0.4%  solution  in  0.15  M 
NaC'l).  The  protein  fractions  were  prepared  between  the  indicated  limits  of  KHsRO^- 
KsHl’04.  Cf.  Figure  5. 


ined  in  the  analytical  ultracentrifuge.  As  in  the  rat  tumor  extracts  (1),  this 
material  could  not  he  completely  redissolved  in  0.15  M  XaCl  after  lyo- 
philization  and  may  have  contained  denatured  thyroglohulin.  The  radio- 
iodine  in  the  .soluble  portion  of  the.se  fractions  re.semhled  thyroglohulin  hy 
the  criteria  of  .salting-out,  .sedimentation  in  the  preparative  ultracentrifuge, 
and  electrophoretic  mobility. 

The  findings  on  the  carcinomatous  tissue  from  ca.se  2  de.serve  special 
comment.  The  tumor  was  obtained  from  cervical  lymph  nodes,  well  re¬ 
moved  from  the  thyroid  gland,  on  two  separate  occasions.  Although  the 
tumor  contained,  for  the  most  part,  .solid  sheets  and  cords  of  epithelial 
cells,  sections  from  the  ti.ssue  labeled  “x”  in  Table  1  contained  some  small 
acinar  structures,  and  tho.se  from  specimen  “y”  contained  some  poorly 
formed  follicles  which  enclo.sed  eosinophilic  material  re.sembling  thyroid 
colloid.  The  formation  of  iodoprotein  by  the  tumor  slices  was  unequiv  ocal. 
In  both  instances,  chromatograms  of  the  tumor  homogenates  contained 
more  radioiodine  at  the  origin  than  did  chromatograms  of  the  incubation 


Table  4.  Distribution  of  proteins  in  the  schlieren  patterns  of 

FIGURES  5  AND  6  (PER  CENT  OF  TOTAL  AREA  UNDER  THE  CURVES) 


Fraction 

Tissue 

3-5  S 

12  S  18-19  S  28-29  S 

Whole  extract 

Normal 

■Vdeiioma 

12 

50 

3  82  3 

.50 

1  .4-1  .75  -M 

Normal 

.Vdenoma 

<3  94  li 

88  12 

1  .9-2.98  .M 

Normal 

•Vdenoma 

87 

93 

7 
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media.  In  the  case  of  specimen  “y/*  slices  of  the  patient’s  skeletal  muscle 
were  incubated  with  as  a  control.  Chromatography  of  the  homogenized 
muscle  slices  revealed  only  a  trace  amount  of  radioiodine  at  the  origin. 
Hydrolysis  of  the  tumor  homogenates  with  pancreatin  resulted  in  the  liber- 
ition  of  monoiodotyrosine  and  2  unknown  compounds. 

Zone  electrophoretic  analyses  of  the  homogenate  from  each  tumor,  when 
adtlcd  to  human  serum,  revealed  that  from  40  to  oR%  of  the  radioiodine 
remained  immobile  and,  presumably,  was  associated  with  particulate  ma¬ 
terial.  The  remainder  of  the  radioiodine  was  distributed  in  a  broad  smear 
extending  from  gamma  globulin  to  albumin,  but  with  some  peaking  in  the 
alpha  globulin  region.  These  findings  were  complicated  by  the  fact  that 
undialyzed  homogenates  were  u.sed,  but  most,  if  not  all,  of  the  iodide  had 
moved  off  the  paper  strip  during  electrophoresis. 

Salting-out  curves  were  performed  on  the  supernatant  portion  of  these 
homogenates  after  exhaustiv'e  dialysis  against  distilled  water.  As  indicated 
in  Table  2,  about  40%  of  the  radioiodine  remained  in  solution  in  2.9S  M 
phosphate  buffer.  The  configuration  of  the  salting-out  curvms  indicated 
that  little,  if  any,  thyroglobulin  or  S-1  iodoprotein  was  present.  Hence  this 
ca.se  synthesized  yet  another  iodinated  protein  of  unu.sual  solubility. 

SOLUBLE  lODOPROTEIXS  SHEEP  THYROID 

Sohil)le  iodoproteins  were  also  studied  in  normal  sheep  thyroid  which 
had  been  labeled  in  vitro.  The  salting-out  curv’e  of  the  .saline  extract,  as 
indicated  in  Table  2,  was  similar  to  that  in  the  human  thyroids  except  for 
a  slightly  lower  solubility  of  sheep  thyroglobulin.  This  extract  was  frac¬ 
tionated  with  pho.sphate  buffer,  as  indicated  in  Table  R.  It  contained  more 
thyroglobulin  on  a  weight  basis  than  did  the  extract  from  the  human 
gland.  The  thyroglobulin  and  S-1  iodoprotein  fractions  gavm  re.sults  en¬ 
tirely  analogous  to  those  in  the  normal  human  thyroid  when  studied  by 
salting-out,  and  .sedimentation  in  the  preparative  and  analytical  ultra- 
centrifuges.  The  results  of  zone  electrophoresis  were  also  .similar,  but  not 
identical  with  the  human.  The  radioiodine  in  the  thyroglobulin  fraction  ex¬ 
tended  from  the  cathodal  end  of  the  albumin  zone  to  the  anodal  portion  of 
the  beta  globulin  zone  of  human  .serum.  Its  peak  was  in  the  inter-alpha 
globulin  space.  In  the  sheep  S-1  iodoprotein  fraction,  radioiodine  was  dis¬ 
tributed  in  2  major  zones:  8.5%  in  a  sharp  band  in  the  fast  portion  of  the 
human  albumin  zone,  .51%  in  a  broad  band  ov'erlapping  the  entire  alpha 
globulin  area  with  its  peak  in  the  inter-alpha  globulin  .space.  The  alpha 
globulin  radioiodine  was  greater  than  could  be  accounted  for  by  contami¬ 
nating  thyroglobulin  (cf.  Table  3). 

HYDROLYSIS  OF  lODOPROTEIXS 

The  re.sults  of  hydroly.sis  of  the  iodoproteins  with  crude  pancreatic  en¬ 
zymes  are  given  in  Table  5.  Only  those  experiments  are  listed  in  which  it 
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was  possible  to  compare  the  various  fractions.  Each  of  the  hydrolysates 
contained  iodinated  tyrosines,  thus  attesting  to  the  protein  nature  of  the 
materials  under  study.  The  low  yields  of  iodinated  thyronines  was  expected 
since  all  but  one  of  the  tissues  were  labeled  in  vitro.  Xot  only  does  in  vitro 
labeling  appear  to  be  a  relatively  slow  process,  but  it  is  furthermore  limited 
to  4  or  .0  hours.  Most  of  the  hydrolysates  contained  unidentified  radioactive 
components,  as  was  the  case  in  the  rat  (1).  One  of  these  is  listed  in  the  Ta- 
l)le,  and  its  relationship  to  monoiodotyrosine  has  been  discussed  elsewhere 
(1). 

C’omparison  of  the  hydrolysates  of  particulate  iodoprotein  withiodo- 


Tabi.k  5.  Hydrolysis  ok  iodoproteins  i.\  hi  max  and  sheep  thyroid  tisske 
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Definition  of  symbols:  at  chromatogram  origin.  I  *  iodide.  M  *  monoiodotyrosine,  D  ^diiodotyrosine 

T4  *thyroxine.  Tj  ^triiodothyronine,  V  =nnknown  (cf  text).  Values  forO  and  I  are  in  terms  of  per  cent  of  total  iodo¬ 
protein.  Values  for  M.  D,  Ti  and  T  are  in  terms  of  per  cent  of  hydrolytic  products  other  than  iodide  and  immobile 
material.  Deviation  of  the  sum  of  these  values  from  lOO^f  is  due  to  other  unknowns. 

Part  A  =whole  thyroid  extract  or  sup(*rnatant.  Parts  C  and  D  ^fractions  obtained  from  the  extract  or  super¬ 
natant.  In  all  but  case  6,  the  extract  or  supernatant  was  dialyzcHl  prior  to  hydrolysis. 

*  This  hydrolysate  also  contained  2^c  Ti, 


proteins  soluble  in  O.lo  M  XaCl  reveals  certain  differences.  The  particu¬ 
late  iodoprotein  gave  rise  to  relatively  more  iodide  and  to  more  immobile 
radioiodine.  The  latter  may  be  uidiydrolyzed  or  partially  hydrolyzed  pro¬ 
tein.  I'.xcept  in  one  case,  this  component  was  not  as  large  as  in  the  rat 
tumors  (1).  7'he  origin  of  the  iodide  is  unclear.  Of  the  remaining  hydrolytic 
products,  the  relative  proportions  of  diiodotyrosine  (D)  and  monoiodo¬ 
tyrosine  (M)  were  .similar  in  .3  of  the  hydroly.sate  pairs.  In  the  other  3,  the 
ratio  I)  M  was  lower  in  the  particulate  iodoprotein.  The  low  yield  of 
thyroxine  and  triiodothyronine  made  the  iodothyronine/iodotyrosine 
ratio  somewhat  unreliable.  In  ca.se  6,  however,  the  thyroxine  content  of 
particulate  radioiodine  was  clearly  lower. 

Comparison  of  thyroglobulin  and  the  S-1  iodoprotein  (parts  C  and  D  of 
Table  0)  reveals  a  consistently  lower  diiodotyrosine  and  thyronine  content 
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in  the  latter  except  in  tlie  slieep  thyroid.  The  rea.son  for  the  unusually  large 
ainount  of  iodide  in  sheep  thyroid  S-1  is  unknown. 

.\s  discussed  previously  (1)  the  difference  in  hydrolysis  products  among 
the  iodoproteins  indicate  that  the  proteins  are  not  artifacts  of  the  frac¬ 
tionation  procedures. 


CO.MMEXTS 

The  iodoproteins  of  human  and  sheep  thyroid  tissue  described  in  this 
l)aper  are  analogous  to  those  found  in  a  functioning  rat  thyroid  tumor  (1). 
As  proposed  in  the  preceding  paper,  they  may  be  classified  according  to 
their  solubility  in  0.15  M  NaCl  as  particulate  iodoprotein,  or  “thyroid 
P-l”  and  soluble  iodoproteins,  or  “thyroid  S-l”  and  thyroglobulin. 

The  association  of  human  thyroid  P-1  iodoprotein  with  specific  sub- 
cellular  particulate  fractions  has  not  been  as  well  delineated  as  it  has  in  the 
rat.  Even  in  the  rat,  however,  its  apparent  association  with  cell  nuclei  has 
not  been  conclusively  proved.  The  quantity  of  thyroid  P-1  iodoprotein  was 
highest  in  a  follicular  thyroid  carcinoma,  but  was  apparently  present  in 
normal  thyroids  and  in  benign  goiters  as  well.  Particulate  iodoprotein  was 
not  studied  in  the  sheep. 

The  soluble  thyroid  iodoproteins  of  man  and  sheep  were  different  in  cer¬ 
tain  respects  from  those  found  in  the  rat.  The  solubility  of  human  thyro¬ 
globulin  in  phosphate  buffer  was  slightly  greater  than  that  of  rat  thyro¬ 
globulin,  and  sheep  thyroglobulin  appeared  to  be  less  soluble  than  either 
human  or  rat.  These  thyroglobulins  also  differed  in  electrophoretic  mobil¬ 
ity,  those  of  man  and  sheep  being  slower  than  rat  thyroglobulin.  The  slight 
differences  in  electrophoretic  mobility  of  human  thyroglobulin  among  the 
tissues  .studied  are  like  that  described  in  one  case  by  Easty,  Slater  and 
Stanley  (4). 

Thyroid  S-l  iodoproteins  were  different  in  each  of  the  species  studied, 
as  revealed  by  zone  electrophoresis.  In  man,  S-l  iodoprotein  had  the  mo¬ 
bility  of  serum  albumin,  although  there  may  have  been  a  small  amount 
moving  with  the  serum  globulin  as  well.  In  the  sheep,  S-l  iodoprotein  ap¬ 
peared  to  consist  of  2  main  components,  one  with  the  mobility  of  human 
albumin,  and  one  which  mov’ed  with  human  alpha  globulin.  In  the  rat,  S-l 
iodoprotein  was  composed  of  5  more  or  less  equal  components,  the  fastest 
of  which  mov  ed  behind  human  serum  albumin. 

It  is  of  considerable  interest  that  human  thyroid  S-l  iodoprotein  bears  a 
close  resemblance  to  the  iodoprotein  found  in  the  blood  of  patients  with 
functional  carcinoma  (5,  0)  as  well  as  that  in  a  patient  with  congenital 
goiter  (7)  and,  although  the  data  are  less  complete,  in  chronic  thyroiditis 
(8).  The  data  reported  here  demonstrate  that  thyroid  S-l  iodoprotein  is 
present  in  normal  thyroid  glands,  as  well  as  in  tissue  representing  a  variety 
of  benign  and  malignant  thyroid  disorders.  The  highest  proportion  of  this 
material  was  found  in  2  follicular  adenomas.  It  has  not  been  shown,  how- 
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ever,  whether  thi.s  is  the  result  of  an  absolute  increase  in  the  concentration 
of  S-1  iodoprotein,  or  a  relative  decrease  in  thyroglobulin. 

Additional  evidence  that  thyroid  S-1  iodoprotein  is  related  to  the  iodo¬ 
protein  in  blood  is  the  finding  that  rat  thyroid  S-1,  while  differing  from 
thyroid  S-1  in  other  species,  resembles  the  iodoprotein  found  in  the  blood  of 
rats  with  thyroid  tumors  (1). 

Further  speculations  on  the  nature  of  the  non-thyroglobulin  iodoprotcins 
and  their  possible  significance  are  discussed  in  the  preceding  paper. 
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THE  EFFECTS  OF  HYPOTHALAMIC'  LESIONS  ON  GOITRO- 
GENESIS  ANi:)  PITUITARY  TSH  SEC'RETION  IN  THE 
PROPYLTHIOURAC'IL-TREATED  GUINEA  PICT 

E.  M.  HOCJDANOVE  and  S.  A.  D’ANGELO 

l)t /ttirtmtnts  of  Anntomij,  Albani/  Medical  College  of  I’nion  Cniversitg,  Albani), 

Xew  York  and  Jefferson  Medical  College,  Philadelphia,  Pennsylvania 

ABSTRACT 

Propylthiouracil  (PTr)-inducc(l  K<>itroKciicsis  was  selectively  iini)aire(l  in 
male  guinea  pigs  by  anterior  hy])othalamie  lesions.  Thes<‘  lesions  also  rt'diiec'd 
or  abolished  the  PTr-indueed  enlargtnmmt  of  the  adenohypoi)hysis  and  the 
increase  of  thyrotrophin  (TSH)  stores  therein,  without  causing  gonad  atroj)hy. 

More  posterior  lesions  affected  TSH  seeretion  h“ss  and  did  cause  gonad  atrophy. 

The  findings  are  interpreted  to  nu'an  that  neither  the  synthesis  nor  the  release 
of  TSH  can  reach  maximal  levels  in  the  absenee  of  the  neural  struetures  which 
wen'  damaged. 

IN  PATS,  appropriate  hypothalamic  lesions  have  been  found  to  impair, 
hut  not  abolish,  thyrotrophin  (T8H)  .secretion  (1-5).  In  dogs,  on  the 
other  hand,  similar  lesions  seem  to  eliminate  TSH  secretion,  or  at  least  its 
release  phase,  since  they  reduce  both  thyroid  size  and  P*‘  uptake  to  hypoph- 
ysectomy-like  levels  ((5).  This  apparent  species  difference  in  the  extent 
to  which  TSH  secretion  may  be  decreased  by  hypothalamic  damage  sug¬ 
gests  that  further  comparative  studies,  such  as  the  one  pre.sented  here, 
may  be  of  value.  In  this  investigation  the  question  of  whether  not  onl}’  the 
release  but  also  the  synthesis  of  TSH  can  be  impaired  by  lesions  of  the  hy¬ 
pothalamus  has  been  approached  through  the  .study  of  pituitary  TSH 
stores  and  thyroid  activity  in  the  propjdthiouracil  (PTU)-treated  guinea 
pig.  The  choice  of  experimental  animal  was  governed  by  the  following  con- 
.siderations. 

The  amount  of  hormone  synthesized  during  an  experimental  period 
must  equal  the  algebraic  sum  of  the  amounts  stored  in,  and  released  from, 
the  adenohypophysis.  The  stored  TSH  may  be  assayed  directly,  but  indices 
of  released  TSH,  such  as  various  thyroid  respon.ses  or  even  measurements 
of  circulating  TSH  levels,  are  only  indirect  since  they  give  no  indication  of 
how  much  released  TSH  may  have  been  cleared  or  destroyed  by  extra¬ 
thyroid  mechanisms.  In  the  rat,  the  effects  of  hypothalamic  lesions  are 
made  most  evident  by  chronic  PTU-treatment  (1-5,  5).  However,  the  pi¬ 
tuitary  TSH  stores  of  PTU-treated  rats  are  low,  despite  a  rapid  rate  of 
TSH  .synthesis  (7).  Because  of  the  uncertainty  with  which  release  can  be 

*  Supported  by  Clrants  B-708  and  A-432  from  the  National  Institutes  of  Health, 
r.S.P.H.S.  Presented  at  the  19.58  meeting  of  the  American  (ioiter  .Association. 
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estimated,  the  effects  of  liypothalamie  lesions  on  blood  and  pituitary  TSII 
levels  in  such  animals  (o)  may  be  difficult  to  interpret.  In  the  {iiuinea  pi{5, 
on  the  other  hand,  chronic  PTU-treatment  leads  to  an  increase  of  pituitary 
TSH  stores  as  well  as  thyroid  enlargement  (7,  S).  Thus,  all  .‘I  phases  of 
TSII  secretion — synthesis,  storage  and  release-  proceed  at  accelerated 
rates  during  goitrogenesis  in  this  species.  In  such  a  situation,  the  impair¬ 
ment  of  TSH  release  by  hypothalamic  lesions  should  effect  a  decrease  of 
thyroid  hypertrophy,  whereas  a  les.sened  capacity  for  TSII  synthesis 
should  tend  to  diminish  adenohypophjseal  TSII  accumulation. 

MATERIALS  AND  METHODS 

Hypothalamic  lesions  were  made,  under  ether  anesthesia,  in  younn  (212-370  urn.) 
and  adult  (400-650  gm.)  male  guinea  pigs,  using  a  “homemade”  stereotaxic  device.’  A 
direct  (anodal)  current  of  3  to  4?  m.a.,  applied  for  20-45  seconds,  was  used  for  each 
lesion.  Coordinates  were  determined  empirically.  In  each  experimental  animal  2  or  3 
lesions  were  placed  so  as  to  fuse  across  the  midline.  Most  lesions  were  made  in  the 
ant»‘rior  hypothalamus,  but  a  few  were  jilaced  in  the  median  eminence  region  and  some 
in  the  anterior  thalmus.  Sham  operations  consisted  of  trephining  the  skull,  with  or  with¬ 
out  electrode  insertion. 

l*ostoj)eratively,  the  guinea  pigs  were  placed  in  either  win*  mesh  cages  (6-8  young) 
or  w(»oden  pens  (7-12  adult).  Since  no  behavioral  effects  of  the  lesions  were  noted, 
(“xpi'rimental  and  control  animals  shared  the  same  quarters.  The  basic  diet  was  Purina 
fox  chow  meal,  mixed  with  PTC®  (0.15%).  Raw  vegetable  sui)i)lenu‘nts  were  fe<l  4-7 
tiiiK's  weekly,  and  tap  water  was  allowed  ad  libitum.  Flaked  oats,  ascorbic  acid  (2%)  and 
sulfadiazcne  (2%)  with  XaHCOs  (6%)  were  added  to  the  basic  diet  of  the  adults  (Groups 
Vll  and  VUl).  The  sulfadiazcne  was  found  to  decrease  the  incidence  of  respirator}'  in¬ 
fections.  Both  young  and  adult  “euthyroid”  controls  (unoperated)  received  similar  treat¬ 
ment,  but  without  cither  PTE  or  sulfadiazene-bicarbonate. 

The  guinea  pigs  were  fed  the  PTU  diet  for  68-113  days,  and  weighed  biweekly.  At 
.sacrifice,  thyroid-serum  radioiodide  concentration  ratios  (T/S)  were  measured  as  fol¬ 
lows.  One  hour  after  a  subcutaneous  injection  of  30  mg.  of  PTE  (in  alkaline  solution), 
20  fie.  of  XaP'"  were  injected  subcutaneously  into  each  animal.  Blood  samples  were  re¬ 
moved  60-80  minutes  later  under  ether  anesthesia.  The  guinea  pigs  were  then  killed 
and  the  pituitary  and  thyroid  glamls  removed  immediately.  The  radioactivitj'  in  .50  mg. 
of  serum  and  in  about  10  mg.  of  thyroid  tissue  was  measured  by  /3-counting.  T/S  ratios 
wer*‘  calculat(“d  conventionally  (9). 

Adenohyi)ophyses,  stripi)ed  of  neural  lobes,  were  weighed  rapidly  and  frozen  (in  0.5 
ml.  of  0.25%  acetic  acid-0.85%  X'aEl  solution)  for  subs(*quent  TSH  assay.  Brains  were 

^  The  stereotaxic  device  utilizi'd  a  cat-monkey  headholder.  The  ear  bars  were  21’ 
high,  their  sujiport  jiosts  were  3'  apart  and  the  tooth  clam|)  was  adjustable.  (This  head- 
holder.  mounted  on  a  7'  square  base,  was  su])]>lied  by  the  late  Mr.  Roy  .Johnson.)  .V 
raised  (2")  level  platform  {n’X2’)  was  mounted  on  the  base  plate  to  the  left  of  the  head- 
holder,  and  th(‘  electrode-carrier  unit  of  a  Kreig-Johnson  rat  stereotaxic  instrument 
bolted  thc'reon  with  ?f2IO  thumb  bolts.  This  improvised  device  allowed  the  same  stereo¬ 
taxic  instrument  to  be  rajiidly  converted  for  use  on  either  rats  or  guinea  pigs.  A  unipolar 
electrode,  protruding  15-17  mm.,  with  1  to  H  mm.  bare  at  the  tip,  was  used  for  the 
guinea  pigs. 

®  The  PTE  was  generously  donated  by  Dr.  R.  .1.  Turner  of  the  American  Cyanamid 
Company. 
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fixed  ill  10%  iieutnil  formtilin,  Tissuemat-einbedded,  and  sectioned  serially  at  H)y. 
Every  9th  and  lOth  seetion  was  stained  with  thionine  for  lesion-localization  studies. 
Thyroid,  testis  and  seminal  vesicle  weights  were  recorded  and  the  tissues  jirocessed  for 
liistologic  stuily.  The  orf^an  weights  were  converted  to  relative  weights  (mg./ 100  gm. 
l)ody  weight  at  sacrifice)  and  are  discussed  as  such  in  this  paper. 

TSH  bioassays  were  carried  out  in  stasis  tadpoles  on  homogenates  of  o-lO  [looled 
interior  lobes,  as  previously  de.scribed  (10). 

RESULTS 

GoUrogencsis.  PTU  treatment  for  (58-75  days  increased  the  mean  thyroid 
Nveight  of  12  young  guinea  pigs  without  liypotlialamic  lesions  approximate- 
'y  four-fold  (Table  1,  (Iroup  II  vs.  (Iroup  I,  P?^.()()4).  The  same  treatment 
cai.sed  thyroid  weight  less  than  two-fold  in  15  animals  with  such  lesions 


Tabi.e  1.  Body  and  oroax  weiohts  a.nd  T/S  ratios  i.n  “ei  thyroid”  controls  and 

CROI'YLTHIOl  RAcn.-TREATED  OITXEA  I’lliS,  WITH  AND  WITHOCT  IIYCOTIIALAMIC  LESIONS 


Body 

weight 

(gni.) 

Days  on 

\Vt.  gain* 

Organ  weights — 
mg.  KM)  gm. 

Thyroid 

PTC 

(gin.  day) 

Testis 

Seminal 

vesicles 

1  Kiithyioid 
Control  (13)t 

.584  ±  155 

0 

— 

1 .70±  .00 

527  ±  28 

110  ±6 

'.1.6  ±0.7 

,57  ±8 

n 

PTC 

Control  (12) 

461  ±  17 

68  to  75 

1.88±  .30 

2.48 ± .18 

.5.50  ±  25 

112±0 

43. 0±  10.4 

317  ±72 

III 

Ilypotlial. 
l.<-sions  (15) 

444  ±  2‘» 

1.86±  .31 

1.00±  .11 

.504  ±  27 

178  ±12 

17.5±  1.8 

.360±031| 

IV 

l>Tt* 

('ontiol  (5) 

55:i  ±  33 

102  to  113 

2.30±  .10 

3.04  ±  ..38 

.537  ±18 

164  ±  27 

06.4±0.8 

108  ±  5 

V 

"(loiter 

(6) 

5!t7  ±  4‘.l 

2.30±  .42 

1.65±  .18 

,585  ±  30 

176  ±  20 

10.0±2.5 

271  ±37 

VI 

"Ineffeetive” 
Les^ions  (6) 

512  +  14 

2.03 ± .23 

1.05±  .27 

420  ±  30 

122  ±25 

74  ±10.4 

2.50  ±  4,5 

VII 

VTV 

Control  (5) 

1071  ±80 

103 

2.80±  .52 

1.70±  .26 

355  ±  18 

140  ±  17 

43.7±.5.5 

486  ±  54 

Mil 

"Ineffeetive” 
i..(‘8ions  (6) 

038  ±05 

2..35±  .68 

1.26±  .11 

_ 

460  ±35 

187  ±7 

.30.7±6.7 

.581  ±  13.3 

*  OurinK  PTC  feeding, 
t  -Anterior  lobe  only, 
t  No.  of  animals. 

$  S.K.  of  mean, 
j,  Average  of  only  11  data. 

((Iroup  III  vs.  (iroup  I,  P^^.OOl).  The  lesions  thus  decreased  goitrogenesis 
by  more  than  50%  ((Iroup  III  vs.  (iroup  II,  P?«^.02).  However,  since  some 
of  the  PTU-controls  did  not  show  appreciable  thyroid  enlargement,  it  was 
not  possible  to  attribute  the  ab.sence  of  goiter  in  individual  animals  of 
(iroup  III  to  their  lesions,  even  though  “goiter  block”  was  evident  in  the 
group  as  a  whole.  To  raise  control  thyroid  weights  further,  so  that  indi¬ 
vidual  goiter-blocking  lesions  might  be  selected,  a  longer  PTU-treatment 
jicriod  (>100  days)  was  used  subsequently.  For  5  young  PTU-controls 
((iroup  IV),  the  longer  treatment  resulted  in  striking  (ten-fold,  P<.0()1) 
thyroid  enlargement.  Similar  treatment  produced  less  marked,  but  still 
ignificant  (P^^.OOl),  goiter  formation  in  5  older  controls  ((iroup  VII). 
i'ifteen  younger  ((iroups  V  and  VI)  and  six  older  ((iroup  VUI)  guinea 
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pigs  with  liypothalamie  lesions  survived  the  prolonged  PTU  regimen.  Of 
the  younger,  d  which  exhibited  severe  gonadal  atrophy  were  not  included 
in  the  table  (but  are  included  in  Fig,  1);  the  remainder  were  divided  into 
“goiter  block”  (V)  and  “ineffective  lesion”  (VI)  groups  on  the  basis  of  thy¬ 
roid  weight.  Group  VIII  did  not  exhibit  “goiter  block,”  although  one  of  its 
members  had  a  thyroid  weight  in  the  “goiter  block”  range  (21.2  rug.  100 

Kill.). 

T  S  ratio.  The  average  “euthyroid”  T/S  ratio  was  57  ±8.  PTU  treat¬ 
ment  increased  this  value  from  four-  to  ten-fold  (Table  1).  Neither  in 
Group  V  nor  in  other  groups  did  le.sions  prevent  this  increase  consistently, 
although  a  few  animals  in  Group  III  did  have  T  S  ratios  in  the  “euthy¬ 
roid”  range.  The  findings  even  suggest  that  the  lesions  tended  to  increase 
the  T  S  ratios,  but  the  average  increases  were  not  statistically  significant. 
Thyroid  size  and  T  S  ratios  tended  to  be  related  inversely  (Fig.  1). 

Thijroid  microscopic  structure.  PTU-treatment  for  08-75  days  induced 


0  20  40  60  80  100  120  140  160 


THYROID  WT.- Mg./IOOGm. 

Fig.  1.  Graph  of  thyroid  weight  and  T/S  ratio  for  individual  male  guinea  i)igs  fe<l 
j)ropyltliiouracil  (PTU)  for  68-113  days.  The  small  square  with  crossed  diagonals  at 
the  lower  left  of  the  graph  indicates  the  mean  thyroid  weight  and  T/S  ratio  (center  of 
square)  and  standard  deviation  (perimeter  of  square)  for  13  “euthyroid”  controls 
(Group  I,  Table  1).  The  dotted  lines  which  enclose  this  square  represent  3  times  the 
standard  deviation  and  should  limit  over  99.9%  of  individual  “euthyroid”  values.  The 
vertical  line  made  of  dots  and  dashes  indicates  the  arbitrary  limit  (30  mg./'KM)  g.),  alK)ve 
which  “goiter  block”  was  not  considered  to  be  appreciable.  Open  symbols  =  PTU  con¬ 
trols  (see  legend);  solid  symbols  =  hypothalamic  lesions. 
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marked  change.s  in  the  microscopic  thyroid  structure  of  controls  (Group 
II),  which  roughly  paralleled  in  extent  the  increases  of  thyroid  weight. 
“Euthyroid”  (Group  I)  glands  were  characterized  by  squamous  acinar 
epithelium  and  dense  colloid  containing  only  small  peripheral  vacuoles 
(Fig.  2).  Three  (25%)  of  the  Group  II  glands,  weighing  between  12  and 
16  mg.  100  gm.,  closely  resembled  those  of  Group  I ;  the  others  had  cuboid- 
al  or  columnar  epithelium  and  whatever  colloid  they  contained  was  more 
dilute.  In  9  (60%)  of  the  Group  III  guinea  pigs  thyroid  structure  appeared 
inactive.  In  general,  as  thyroid  weight  increased,  cell  height  did  too  and 


Fig.  2.  Thyroid  gland  of  guinea  pig  not  given  PTU.  Squamous  acinar  epithelium, 
dense  colloid. 

Fig.  3.  Thyroid  gland  of  guinea  pig  fed  PTU  for  113  days.  Weight;  104  mg./lOO  gm. 

Fig.  4.  Thyroid  gland  of  guinea  pig  with  “goiter  block”  aft(*r  113  days  of  PTU  treat¬ 
ment.  Weight  11.4  mg.,  100  gm. 

the  colloid  became  progressively  more  dilute  and  highly  vacuolated.  The 
largest  glands  were  virtually  devoid  of  colloid  and  their  follicles  appeared 
collapsed. 

The  thyroid  glands  of  102-113  day  PTU  controls  (Group  IV)  .similarly 
looked  highly  stimulated  (Fig.  3).  In  Group  V,  only  the  largest  gland  ex¬ 
hibited  cuboidal  epithelium  and  dilute  colloid.  The  others  had  squamous 
epithelium  and  colloid  which  seemed  to  be  only  a  bit  less  dense  (Fig.  4) 
than  that  seen  in  Group  I. 

The  two  smallest  glands  in  Group  VI  (42  and  52  mg.  100  gm.)  appeared 
less  stimulated  than  the  rest  which  resembled  those  of  group  IV.  However, 
even  these  two  glands  had  low  columnar  epithelium,  definitely  greater  in 
height  than  any  in  Group  V. 

Pituitary  size  and  TSH  content.  In  the  younger  controls,  PTU  treatment 
for  102-113  days  increa.sed  anterior  pituitary  weight  46%  (Group  IV  vs. 
Group  I,  P  =  .001).  Roth  Group  V  and  Group  VI  lesions  reduced  this  hyper- 
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Fig.  5.  Chart  of  moan  thyroid  and  adonohypoj)hyseal  weights  and  adenohypophysoal 
TSH  eoneentrations  for  Groups  I,  IV,  VI  and  V  (see  Table  1).  Vertieal  lines  through 
tops  of  bars  represent  either  standard  error  of  mean  (for  gland  weights)  or  range  cor¬ 
responding  to  1  standard  error  of  the  mean  tadjjole  thyroifi  cell  height  response  (for 
anterior  j)ituitary  TSH  bioassays). 


trophy  appreciably  (Table  1),  but  the  effect.s  were  not  stati.stically  signifi¬ 
cant.  Adenohypophyseal  weight  was  also  greater  in  the  older  PTU  controls 
(CJroup  VH)  than  in  comparable  guinea  pigs  with  lesions  ((Jroup  VIII), 
but  as  there  were  no  “euthyroid”  controls  of  similar  age  and  body  weight, 
this  difference  cannot  be  evaluated  fully. 

In  Figure  o  the  relative  thyroid  and  anterior  pituitary  weights  for 
(Jroups  I,  IV,  VI  and  V  of  Table  1  are  compared  with  the  corresponding 
adenohypophyseal  TSH  concentrations.  These  were  0.45  (0.35-0.55),  15.0 
(10-25),  2.5  (1. 8-3.0),  and  0.6  (.45-.S0)  milliunits  (range)  per  mg.  of  wet 
weight,  respectively.  The  concomitant  changes  of  anterior  pituitary  .size 
and  TSH  concentration,  and  of  thyroid  size,  in  guinea  pigs  receiving 
chronic  PTU-treatment  are  in  accord  with  previous  findings  (7,  8).  The 
lesions  of  Clroups  V  and  VI  either  deerea.sed  or  abolished  these  changes. 
Although  the  anterior  lobe  hypertrophy  (75%)  .seen  in  Group  IV  was  not 
as  great  as  the  increases  ( >  1000%)  in  thyroid  size  and  anterior  pituitary 
TSH  concentration,  it  should  be  taken  into  account  in  ev'aluating  total 
TSH  stores.  The.se  were  calculated  (mean  TSH  concentration  X mean 


Fig.  0.  Diaffrain  of  saf>;ittal  section  of  guinea  jiis  (liencephalon,  with  parasagittal 
structures  shown  by  jirojcction.  OX,  OX,  OT  =  optic  nerve,  eliiasm  and  tract;  AX  and 
PX  =  anterior  and  posterior  eoinniLssures;  MB  =  mamniillary  body;  Ml=massa  inter¬ 
media  ;  FX  =  fornix ;  M-Tli  =  inaminillo-tlialainie  tract ;  H-P  =  liabenulo-iieduneular  tract ; 
Hah.  =  habenular  nucleus;  P-V  =  paraventricular  nucleus;  S-X,  S-0  =  supraehiasmatie 
and  supraoptic  nuclei;  .\re  =  arcuate  nucleus;  Hyp.  =  hypophysis  (P.L.  =  posterior 
lobe,  .\^.L.  =  anterior  lobe);  Third  ventricle  is  stippled.  The  lesions  of  group  V  were  in 
the  area  shown  by  horizontal  hatching,  (irouj)  VI  lesions  were  in  the  an-a  shown  by 
vertical  hatching. 

Fig.  7.  Section  through  a  Orouj)  V  lesion  (guinea  jiig  50,  thyroid  weight  1 1.4  mg./ 100 
gm.;  testis  and  seminal  vesicle  weights  wen>  715  and  185  mg.  100  gin.,  resjieetively). 
The  lesion  did  not  involve  the  median  eminence  FX  =  fornix;  ()T  =  optic  tract. 

adenohypopliy.seal  weiglit)  to  he  about  4.3,  250,  25  and  5.0  U.S.P.  milli- 
units  of  TSH  per  gland  for  (iroiips  I,  IV,  VI  and  V,  respectively. 

Gonads.  Three  lesion-hearitig  stiinea  pigs  with  marked  testicular  and 
seminal  ve.sicle  atrophy  as  well  as  “goiter  block”  were  not  included  in 
Table  1.  Slight  testicular  atrophy  was  .seen  in  5  of  the  0  animals  of  (Iroiip 
VI. 

The  gonads  of  the  other  animals  were  well  maintained.  In  fact,  .seminal 
vesicle  weight  was  increased  .significantly  (P<.001)  in  (Iroup  III,  .suggest¬ 
ing  heightened  androgen  secretion.  This  acce.ssory  .sex  gland  hypertrophy, 
cited  elsewhere  (11),  was  observed  less  frerjuently  in  the  other  groups. 

Lesion  localization.  In  the  0  animals  of  (Iroup  V,  the  fairly  symmetrical 
lesions  destroyed  the  region  of  the  paraventricular  nuclei  and  extended 
between  the  columns  of  the  fornix  from  just  behind  the  anterior  commis¬ 
sure  well  into  the  anterior  part  of  the  ventricle  (Fig.  7,  cf.  Fig.  (5).  They 
usually  reached  to  the  floor  of  the  brain  at  some  point  between  the  optic 
chiasm  and  the  median  eminence. 
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Similar  lesions  were  found  in  (Jroup  III  animals  without  goiters.  Al¬ 
though  it  cannot  safely  he  said  that  they  caused  “goiter  block,”  it  is  possi¬ 
ble  to  state  that  no  guinea  pig  with  such  a  lesion  exhibited  a  large  goiter. 

In  general,  the  “ineffective”  lesions  were  somewhat  more  posterior 
((iioup  VI)  (Fig.  ())  or  else  similarly  placed  but  smaller  or  asymmetrical 
(droup  VIII).  Those  which  caused  gonad  atrophy  were  basal  and  greatly 
damaged  either  the  infundibulum  (2  of  the  8  omitted  from  Table  1)  or  the 
arcuate  nucleus  region.  In  this  connection  it  is  of  interest  that  the  testes 
and  seminal  vesicles  of  o  of  the  (>  guinea  pigs  in  group  VI  weighed  less 
than  the  control  (droup  IV)  average.  The  lesion  leading  to  gonad  atrophy 
in  the  male  guinea  pig  thus  appears  to  be  similar  to  that  causing  gonad 
atrophy  in  the  male  rat  (12). 


DISCUSSION' 

These  findings  clearly  indicate  that  appropriate  hypothalamic  lesions 
may  produce  “goiter  block”  in  the  guinea  pig,  preventing  not  only  most 
of  the  thyroid  weight  increase  but  also,  to  a  great  extent,  the  microscopic 
manifestations  of  goitrogenesis.  On  the  other  hand,  few  lesions  prev'ented 
an  increase  of  the  T  S  ratio  after  PTU  treatment  and  in  no  instance  was 
this  ratio  significantly  less  than  the  mean  ratio  for  “euthyroid”  controls 
(Fig.  1).  Although  data  are  not  available  on  the  T  S  ratios  of  PTU- 
treated,  hypophysectomized  guinea  pigs,  it  seems  reasonable  to  assume 
that  in  such  animals  the  T  S  ratio  would  be  less  than  o7.  Taken  together 
with  the  fact  that  most  of  the  lesions  which  affected  thyroid  structure  did 
not  prevent  the  PTU-induced  rise  of  the  T  S  ratio  (Fig.  2),  this  seems  to 
indicate  that  the  lesions  did  not  block  TSII  secretion  completely.  The  T  S 
ratio  in  the  rat  responds  to  very  much  smaller  amounts  of  exogenous  (13) 
or  endogenous  (14)  TSII  than  are  needed  for  thyroid  hypertrophy  or  hyper¬ 
plasia.  If  these  parameters  can  be  assumed  to  respond  similarly  in  the 
guinea  pig,  it  follows  that  the  extent  to  which  TSII  release  in  this  species 
has  been  impaired  by  hypothalamic  lesions  is  greater  than  in  the  rat  (4,  5) 
but  less  than  in  the  dog  ((>). 

The  “euthyroid”  T  S  ratio  (57  ±8)  found  in  this  study  was  somewhat 
higher  than  that  found  in  rats  not  treated  chronically  with  goitrogen  (4,  9). 
This  is  of  interest  in  view  of  the  relatively  low  level  of  thyroid  activity  in 
the  normal  guinea  pig  (8). 

The  marked  reduction  of  TSH  stores  in  the  adenohypophyses  of  PTU- 
treated  guinea  pigs  with  hypothalamic  lesions,  whether  or  not  they  de¬ 
veloped  goiters,  suggests  that  TSH  synthesis  may  have  been  impaired  even 
more  than  release.  This  point  will  require  further  investigation,  however. 
Since  thyroid  size  is  only  a  crude  index  of  TSH  release,  there  might  well 
have  been  some  degree  of  “goiter  block”  even  in  animals  with  considerable 
thyroid  enlargement.  The  determination  of  circulating  TSH  levels  might  be 
helpful  in  elucidating  this  question.  In  any  case  it  is  clear  that  both  the 
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release  and  storage  of  thyrotrophin  were  decreased  markedly  by  lesions 
which  did  not  impair  gonad  maintenance.  We  interpret  this  to  mean  that 
such  lesions  can  selectively  impair  TSH  synthesis,  as  well  as  release. 

This  seems  to  he  in  contrast  with  the  failure  of  hypothalamic  lesions  to 
prevent  TSH  reaccumulation  by  the  adenohypophyses  of  rats  from  which 
PTU  had  been  withdrawn  (1.5,  10).  Although  TSH  .synthesis  in  the  rat  did 
not  appear  to  be  influenced  by  hypothalamic  lesions  in  this  situation,  it 
clearly  was  impaired  under  other  conditions  (ii).  In  the  absence  of  any 
report  on  the  effects  of  hypothalamic  lesions  on  the  TSH  “rebound” 
phenomenon  in  the  guinea  pig,  further  comparison  of  the  neural  influences 
on  TSH  synthesis  in  the.se  two  species  must  be  withheld. 

It  is  not  yet  possible  to  identify  the  neural  structures  which  appear 
necessary  for  augmented  TSH  secretion  in  the  guinea  pig.  As  in  the  rat 
(1-4,  12)  and  dog  (())  they  .seem  to  lie,  at  least  in  part,  in  the  anterior 
hypothalamus.  They  may  be  damaged  demonstrably  by  lesions  which  do 
not  seem  to  interfere  with  testicular  maintenance  and  therefore  must  be 
somewhat  separate  from  the  neural  mechanisms  concerned  with  gonado¬ 
trophin  secretion. 
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ANTIGOITROGEXK'  AND  ('ALORIGKNK'  ACTIVITIES 
OF  THYROXINE  ANALOGUES  IN  RATS* 


NLIL  IL  STASILLI,  HOHEHT  L.  K1U)C  and 
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AHSTHACT 

Thi'  rclativi*  potoncu's  of  more  than  forty  thyroxine  analogues  and  a  solul)le 
lion  thyroslohnlin  extract  were  estahlislied  in  j)arallel  Koiter-prevention  and 
ealorigenie  assays  against  the  same  thyroxine  standard.  Hy  hotii  methods  of 
assay  twelve  of  the  preparations  had  activities  ranging  from  5%  to  800%  of 
that  of  thyroxine.  The  activities,  if  any,  of  the  nmiaining  analogues  were  less 
than  3%  of  that  of  the  standard. 

Analysis  of  area-under-eurve  and  speed  of  response  in  ealorigenie  assays 
indicated  that  all  the  active  analogues  and  .soluble  thyroglobulin  were  (pialita- 
tively  similar  with  n*speet  to  this  j)arameter  of  thyromimetie  function  in  normal 
adult  male  rats.  Thyroglobulin  was  eharaeteristieally  more  active  than  expected 
when  its  i)oteney,  relative  to  thyroxine,  was  calculated  on  the  assumj)tion  that 
its  thyronin(‘-bound  incline,  as  determined  by  the  Blau,  193.a,  procedure,  was  in 
the  form  of  thyroxine. 

('orndations  of  structural  change's  with  eorrespeuieling  assay  activities  indi- 
eateel  the  following  generalizations:  (a)  analogue's  having  an  intact  alanine  siele 
chain  re'cjuireel  ioeline  substituents  at  least  in  the  3  anel  5  pe)sitie)ns  as  a  eonelition 
feer  bieeleegieal  activity.  Thyreenine's  having  ieeeline  substituents  in  the  3,  the  3  anel 
3',  or  the  3,  3'  anel  5'  peesitions  were'  bieeleegieally  inactive  at  relatively  high  deese 
levels;  (b)  the  pedeney  eef  analeegues  with  eleaminateel  siele  chains  eleereaseel  as 
the  chain  h'ligth  inereaseel  freem  two  te)  four  carbons;  (e)  analeegues  having  a  ele*- 
aminateel  side  chain  recpiire'e!  ieedine  substituents  in  the  3  and  ,5  i)ositions  with 
aelelitieenal  ioeline  substitution  in  either  or  beetle  the'  3'  anel  5'  jeositions,  as  a  eon- 
ditieen  feer  bioleegieal  activity,  but  3,5.3'-triie)elo  eomieeeunels  were'  not  ne'e'es.sarily 
meere  active  than  the  ceerrespeuieling  3,5.3'  .o'-tetraieeelo  elerivatives;  (d)  inactive 
3,5-eliie)ele)thyroj)re)pie)nie'  aeiel  was  aetivateel  by  intreeeluetieen  of  me'thyl  greeups 
in  jeeesitieens  3'  anel  o';  (e‘)  replaeeme'nt  of  the  phenolic'  hydroxyl  grouj)  at  the  4' 
jeosition  by  the  mc'thyoxy  group  caused  a  significant  reduction  in  goitc'r-jerc'- 
vention  activity. 

Ratios  of  antigoitrogc'iiie  to  ealorigenie  jeote'iieies,  ranging  from  approxi¬ 
mately  1 .0  for  3,5,3 '-triioclo-l -thyronine  to  5.0  for  3,5,3', 5'-te'traic)clc)thyroac'e'tic' 
acid,  were  indicative  of  a  rc'al  dichotomy  of  action  for  some  of  the  analogues. 

The  decomposition  of  3,5,3',5'-tc'traic)clc)thyroaec'tie  acid  anel  twee  other 
analeeguc's,  in  alkaline  solution,  suggeste'cl  a  nede  e)f  caution  with  re'garel  tee  the' 
interjiretation  of  previously  published  bioassays  for  such  preparations. 

Comparative  results  showeel  that  in  mei.st  cases,  the  ealorigenie  assay  coulel 
be'  used  interchange'ably  with  the  antigoitrogenic  assay  to  prc'dict  the  exeegenous 
elose'  of  an  analogue  equivalent  to  the  daily  endogenous  hormonal  output  by 
neermal  rat  thyroids. 

*  Prese'nteel  at  the  1958  Meeting  of  the  Amc'rican  (loiter  .Vssociation. 
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Bioassay  results,  covering  forty-five  thyroxine  analogues,  are  pre¬ 
sented  as  a  contribution  toward  the  increasing  effort  to  delineate  the 
effects  of  alterations  in  molecular  structure  on  biological  activity  (l-o). 
The  difficulties  of  correlating  structure  and  activity  from  the  reports  of 
many  investigators  are  enhanced  by  the  variety  of  bioassay  methods  em¬ 
ployed,  unreported  activity  for  a  given  compound  by  one  or  more  assay 
methods,  and  the  uncertainty  regarding  the  identity  and  purity  of  some 
of  the  tested  compounds. 

This  study  was  designed  to  overcome  the  aforementioned  difficulties  by 
employing  a  closely  correlated  program  of  organic  synthesis  and  bioassays. 
Thus,  virtually  all  the  analogues  were  prepared  and  carefully  characterized 
in  these  laboratories.  Antigoitrogenic  and  calorigenic  assays  employing  rats 
of  the  same  strain  and  source  were  conducted  in  these  laboratories  while 
Money  et  nl.  (fi,  7)  assayed  the  compounds  for  P*'  uptake  activities  in  rats 
and  also  for  induction  of  tadpole  metamorphosis.  Accordingly,  compari¬ 
sons  between  analogues,  assay  methods  and  species  could  be  made  with 
greater  confidence. 

During  the  cour.se  of  this  work  an  unanticipated  decomposition  of  cer¬ 
tain  thyroxine  analogues  in  alkaline  .solution  was  ob.served.  Special  atten¬ 
tion  was  therefore  given  to  the  critical  evaluation  of  the  results  of  bioa.ssays 
performed  on  .such  compounds. 

MATERIALS  AND  METHODS 

.  1  ntigoitrogenic  .  1  ssng 

During  the  fourteen  day  test  jjeriod  female  albino  rats,  weigliing  1(50-190  gm.,  were 
allowed  free  access  to  taj)  water  and  powdered  rat  diet  containing  thiouracil  (0.3%  by 
weight).  Room  temjjeratun!  was  maintained  at  75° +  3°  F.  Solutions  of  thyroxine  and 
one  or  more  analogues*  were  assayed  simultaneously.  Rats  were  injected  subcutane¬ 
ously,  daily,  on  Days  0  through  13.  Five  to  ten  animals  were  allotted  to  each  dose  level 
and  three  or  more  dose  levels  were  employed  for  each  of  the  active  analogues.  On  Day 
14.  the  thyroid  glands  were  rapidly  removed,  cleaned,  weighed  to  the  nearest  0.1  mg. 
and  recorded  for  each  rat  as  mg.  of  gland  weight  i)er  100  gm.  of  body  weight.  Prepara¬ 
tions  suspected  of  having  little  or  no  activity  were  screened  at  a  single  dose  level  which 
was  at  least  twenty  times  the  dose  of  thyroxine  (4  pg. /rat /day)  n'quired  to  produce  a 
(57%  inhibition  of  thiouracil-goiter.  Comjjounds  found  active  by  screening  were  re¬ 
assayed  at  thr(‘(*  or  more  dose  levels. 

Calorigenic  Assay 

.Male  albino  rats  weighing  280-320  gm.  were  trained  to  eat  their  total  daily  recpiire- 
ment  of  ))owdered  rat  diet  between  11  :30  a.m.  and  4:30  p.m.  daily  (8)  for  at  least  two 


*  Crystalline  /-thyroxine  and  3,5,3'-triiodo-/-thyronine  were  obtained  from  Cyclo 
Chemical  Corp.,  Cal.  Gifts  of  the  following  analogues  are  gratefully  acknowledged: 
3,5,3',5'-tetraiodothyroacrylic  acid  from  Dr.  Stanley  Wawzonek,  State  Cniv.  (»f  Iowa, 
Iowa  City;  3,5-diiodo-3',5'-dimethylthyro-propionic  acid  from  Dr.  Xorman  Kharasch, 
Cniv.  of  Southern  California,  Los  .\ngeles;  3,5,3',5'-tetrachloro-d/-thyronine  synthesized 
by  Sir.  C.  R.  Harrington  and  furnished  by  Dr.  J.  Lerman,  Boston. 
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weeks  prior  to  and  during  the  BMR  test  period.  BMR  tests  eonsisted  of  three  or  six 
consecutive  ten-minute  readings  of  oxygen  comsumption  for  each  rat  on  several  days 
before,  during  and  after  drug  administration.  These  determinations  were  always  made 
between  8:00  .\.M.  and  11:30  .\.m.  Thus,  the  fasting  period  preceding  each  BMR  test 
varied  between  sixteen  and  nineteen  hours.  Twelve  Benedict-type  (9)  closed  circuits 
maintained  at  29° +0.2°  C  made  it  convenient  to  run  twenty-four  to  forty-eight  rats 
each  morning.  The  lowest  two  or  four  ten-minute  readings  of  the  three  or  six,  respec¬ 
tively,  which  were  made  for  each  rat  were  averaged,  corrected  to  standard  conditions 
and  recorded  as  mg.  Oj/Kg.  body  weight,  hour.  For  the  most  part,  i)ercentage  changes 
in  BMR,  during  and  after  drug  administratif)n,  wen*  based  on  the  average  pretreatment 
level  for  each  rat.  However,  in  some  assays  it  was  more  convenient  to  use  the  day  to  day 
average*  of  a  placebo-injected  control  group  as  the  basis  for  calculating  the  percentage 
changes  of  treated  groups  on  the  same  day.  Thyroxine  and  one  or  more  analogues  were 
assayed  concomitantly  at  two  or  more  dose  levels  per  prejiaration,  using  five  to  twelve 
rats  per  dose  level.  A  shortage  of  one  active  analogue  resulted  in  tests  at  a  single  dose 
level.  The  active  analogues  were  injected  subcutaneously,  once  per  day,  for  a  period  of 
five  to  fourteen  days.  All  compounds  suspected  of  having  little  or  no  thyroxine-like 
activity  were  screened  at  a  single  dose  level  (1  or  2  mg./rat,'day/3-4  days,  subcuta¬ 
neously)  in  groups  of  four  rats  per  preparation.  These  dose  levels  were  five  to  ten  times 
greater  than  the  amount  of  thyroxine  required  to  produce  a  strong  response. 

Solutions 

In  the  early  phases  of  this  study  prejjarations  were  dissolved  in  a  minimum  volume 
of  O.LV  NaOH  and  diluted  to  required  concentrations  with  physiological  saline.  Sub¬ 
sequently,  several  analogues  were  prepared  for  injection  by  dissolving  them  in  ethyl 
alcohol  with  added  0.1. V  NaOH  (if  needed).  Saline  (adjusted  to  pH  8-9)  was  used  for 
dilutions,  and  the  final  concentration  of  alcohol  was  always  10%  or  less.  solvent  con¬ 
sisting  of  ethyl  alcohol/propylene  glycol,  10  90,  V/  \\  was  required  for  a  compound 
which  was  extremely  labile  in  the  presence  of  alkali,  under  certain  conditions.  Volumes 
of  solution  sufficient  to  last  up  to  fourteen  days  were  distributed  in  stoppered  vials  and 
maintained  frozen  between  injections.  Daily  doses  for  each  rat  were  usually  contained 
in  a  volume  of  0.5  cc.  to  1.0  cc.  In  order  to  minimize  contamination  of  sami)les  in  storage 
vials,  hypodermic  needles  were  never  used  for  drawing  doses  after  the  needles  had  been 
used  for  injection. 

Computation  of  Results 

In  assays  designed  with  two  or  more  dose  levels,  for  standard  and  unknowns,  the 
regres.“ion  equation.  A"  =a-f b  log.  X,  was  calculated  for  each  preparation  (10).  The 
several  b-values  in  a  completed  experiment  were  replaced  by  the  average  slope  (b)  with 
due  regard  for  inequalities  in  numbers  of  observations  and/or  dose  increments  (11).  The 
potency  of  each  unknown  (U)  relative  to  standard  (S)  was  calculated  as  the  antilog.  of 
[av.  log.  Xs  — av.  log.  Xu-l-(av.  Yu  — av.  Ys/av.  b)].  In  addition,  the  resulting  equations 
were  u.sed  for  the  derivation  of  X-intercept  values  in  each  method  of  assay.  Such  values 
for  goiter-prevention  results  were  first  used  by  Dempsey  and  .Vstwood  (12)  but  their 
usefulness  in  the  analysis  of  calorigenic  assays  appear  to  have  been  largely  overlooked. 
When  a  compound  was  tested  at  a  single  dose  level,  the  amount  of  thyroxine  required 
to  produce  the  same  response  was  read  from  the  concomitant  standard  curve.  This 
value,  divided  by  the  dose  of  unknown,  gave  a  relative  potency  estimate  for  the  prepara¬ 
tion.  The  validity  and  precision  of  these  a.ssay  methods,  under  the  experimental  con¬ 
ditions  described  here,  were  pre.sented  and  discussed  in  a  previous  rei)ort  bj*  Stasilli 
and  Kroc  (13).  Confidence  in  the  results  is  greatly  strengthened  by  the  fact  that  “stand¬ 
ard”  wfs  always  tested  concomitantly  with  each  unknown  in  homogeneous  groups  of 
rats.  Thus,  variations  in  results  which  might  be  ascribed  to  species,  sex,  weight  or 
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soasoniil  and  t'livironmriital  <lifTi*n‘iu*i‘s,  etc.,  (2)  were  eitlicr  nullified  or  greatly  di¬ 
minished. 


RESULTS  AND  DISCUSSION 

Active  analogues — relation  of  structure  and  activity: 

Typical  ealorigeiiic  respon.se  curves  for  thyroxine,  some  of  its  analogues 
and  soluble  thyroglobulin  are  shown  in  Figures  1  and  2.  It  is  apparent  that 


Fig.  1.  BMR  response  of  normal  adult  male  rats  during,  and  after,  0-I4  days  subcu¬ 
taneous  injections  of  thyroxine  analogues  (pg./IOO  gm.  body  weight/day): 

A.  I.,-Thyr()xine  (sodium  jientaliydrate) :  I,  alkaline-saline  controls;  2,  2  /ag.;  3,  6  /ig.; 
4,  16  /ig.;  5,  55  /ag. 

B.  L-Triiodothyronine:  1,  alkaline-saline  controls;  2,  0.3  jag.;  3,  1  /ag.;  4,  3  jag.;  5, 
10  mK- 

('.  3,5,3'5'-tctraiodoth\Toacetic  acid  (in  alcohol-jiropylene  glycol):  1,  50  /ag.;  2,  150 
jag.;  3,  450  /ag. 

1).  3,5,3'-triiodothyroacetic  acid:  1,  alkaline-.saline  controls;  2,  30  jag.;  3,  105  /ag. 

E.  3,5,3',5'-tetraiodothyropropionic  acid:  1,  420 /ag.;  2,  1270  jag. 

F.  3,5,3'-triiodoth\Topropionic  acid:  1,  alkaline-saline  controls;  2,  30  jag.;  3,  93  /ag.; 
4.  300  jag.;  5,  900  /ag. 

Last  daily  injection  shown  by  arrow. 
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Fig.  2.  Analysis  of  areas  under  BMR  curves  for  thyroxine  analogues  and  soluble  hog 
thyroglobulin:  Each  curve  in  Figure  1  was  plotted  on  linear  graph  papiT  such  that  1 
inch  on  the  ordinate  scale  equaled  10  i)ereentage  j)oints  of  RMR  increase  and  1  inch  on 
the  abscissa  was  equal  to  1  day.  The  total  area  under  each  curve  was  determined  with  a 
jiolar  jjlainmeter  from  Day  0  through  the  Day  8,  where  applicable.  (Similar  area  anal¬ 
yses  for  Figure  IC  and  IE  were  made  hut  not  shown.)  Two  or  more  points,  obtained 
in  this  manner  for  each  preparation,  were  plotted  against  the  respective  dose  levels. 
Calculations  for  the  best  htting  straight  lines  (A'  =  area  versus  X  =  log.  dose)  were  made 
as  explained  in  text.  A  common  slope  value  was  used  for  each  line. 


the  various  preparations  affected  the  oxygen  con.sumption  of  rats  in  much 
the  same  manner.  The  major  differences  seen  were  among  the  doses  of  in¬ 
dividual  drugs  retiuired  to  produce  a  given  level  of  response.  Tliese  dif¬ 
ferences  were  more  accurately  as.sessed  by  determining  the  area-under¬ 
curve  at  all  dose  levels  of  each  compound  for  a  given  number  of  treatment 
days.  The  areas  and  the  logarithms  of  their  corresponding  doses  were  u.sed 
to  compute  the  best  fitting  straight  lines  (with  common  slope)  shown  in 
Fig.  2. 

The  potency  of  each  unknown,  relative  to  thyroxine,  is  listed  in  Table  1 
where  the  results  l)y  goiter-prevention  test  are  also  entered  for  comparison 
of  the  a.ssay  methods.  It  will  be  noted  that  the  potency  values  are  pre¬ 
sented  in  the  order  of  decreasing  activity  by  goiter-prevention  test  for  all 
active  analogues  other  than  thyroxine.  It  is  apparent  that  the  calorigenic 
activity  values  are  in  general  agreement  with  the  goiter-prevention  ac¬ 
tivity  values,  as  to  order.  The  activity  of  3,5,3 '-triiodo-/-thyronine  was, 
as  expected,  greater  than  thyroxine  and  all  the  analogues.  The  tri-  and 
tetraiodothyroacetic  acids  were  antigoitrogenically  equal  to  each  other  and 
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about  half  as  active  as  thyroxine.  Pitt-Hivers  (14)  also  found  these  two 
analogues  equally  potent  by  goiter-prevention  assay.  As  may  be  seen,  at 
the  bottom  of  Table  1  the  tri-  and  tetraiodothyrobutyrie  acids  were  also 
equally  potent.  These  results  .suggest  that  introduction  of  the  fourth  iodine 
at  the  o'  position  does  not  necessarily  result  in  a  reduction  of  activity  in 
homologous  series  with  deaminated  side  chains.  Calorigenically,  3,5,3'- 
triiodothyroacetic  acid  appears  to  be  more  potent  than  its  tetraiodo 
homologue.  The  difference  is  of  borderline  .significance  statistical!}’.  How¬ 
ever,  Barker  (15)  ob.served  a  similar  difference  in  calorigenic  activity  for 
the  tri-  and  tetraiodothyroacetic  acids.  The  importance  of  the  phenolic 
hydroxyl  group  in  the  4'  position  is  reflected  in  the  .significant  reduction 
of  goiter-prevention  activity  of  compound  W1702  compared  to  compound 
\\T499.  The  drop  in  activity  resulted  from  replacement  of  the  4'  hydroxyl 
group,  in  3,5,3 '-triiodothyroacetic  acid,  with  a  methoxy  group.  The  effects 
of  side  chain  length  on  activity  are  also  shown  in  Table  1.  Activity  de¬ 
creased  uniformally  as  the  deaminated  side  chain  length  was  increased 
from  two  to  four  carbons.  Thus,  the  “propionic,”  “acrylic”  and  “butyric” 
acid  analogues  were  each  less  active  than  the  “acetic”  acid  analogues.  This 
finding  appears  to  conflict  with  a  postulate  of  Selenkow  ct  al.  (3)  which 
suggests  decreasing  activity  with  decreasing  .side  chain  length.  It  is  true, 
however,  that  the  “benzoic  acid”  analogues  do  not  pos.se.s.s  appreciable 
activity  by  these  a.ssay  methods  (Table  2)  (Ifi,  17). 

The  importance  of  iodine  and  its  structural  position  with  relation  to 
activity  can  be  .seen  by  the  a.s.say  results  listed  in  Tables  1  and  2.  It  will  be 
.seen  that  in  the  thyronine  series,  3-monoiodo  and  3,3'-diiodo-d/-thyronine 
were  inactive  (Table  2)  but  3-5-diiodo-/-thyronine  had  .significant  activity 
(Table  1).  This  latter  re.sult  agrees  with  Selenkow  et  al.  (3).  In  the  “acetic 
acid”  and  “propionic  acid”  series  the  3-monoiodo,  3,3'-diiodo  and  3,5- 
diiodo  preparations  were  inactive  (Table  2).  Similarly,  3,5-diiodothyro- 
butyric  acid  was  found  to  be  inactive.  Therefore,  it  appears  that,  in  the 
thyronine  series,  iodines  in  the  3,5  po.sitions  are  required  for  .significant  bio¬ 
logical  activity.  For  preparations  with  deaminated  side  chains,  iodines  in 
positions  3,5,3'  or  3,5,3 ',5'  are  needed  for  biological  activity.  However,  an 
exception  to  this  latter  observation  may  be  .seen  in  Table  1  where  3,5- 
diiodo-3',5'-dimethyl-thyropropionic  acid  is  shown  to  have  significant  ac¬ 
tivity.  Thus,  the  inactive  3-5-diiodothyropropionic  acid  (Table  2)  can  be 
rendered  active  by  introduction  of  methyl  groups  at  the  3'  and  5'  positions 
(\VK).59,  Table  1). 

Active  analogues  relation  of  antigoitrogenic  to  calorigenic  activities 

An  interesting  feature  of  Table  1  is  the  greater  goiter-prevention  poten¬ 
cies  of  .several  analogues  compared  to  their  respective  calorigenic  activities. 
Ratios  of  goiter-prevention  calorigenic  assay  values  of  these  analogues 
are:  tetraiodothyroacrylic,  1.5;  tetraiodothyropropionic,  2.0;  triiodothyro- 


Tablk  2.  Anaumu  es  assaying  less  than  3%  ok  levo  thyroxine  by 

GOlTER-rREVENTION  ANT)  CALORICENIC  TESTS 


Thtironine  series 

_  I_ 

\V1631  H()'^ ^^'HjCHCOOH  3-iodo-ill  thyronine 

XH-. 

1_  I_ 

\vi«4i  IK)/  So/  Sch-.c:h(;()oii 


3,3'-(liio(lo-dl-tlivronin(‘ 


XH. 


I  I_ 

\VI()4()  HO^^  St'H-jC’IIC'OOlI  3,3',5'-triiod<)-dl-thyr()nine 


XH. 


Cl  Cl 


\Vlt)33  HO:^  ^CH.CniC^OOH  3,5,3',5'-tetnichloro-dl-thyronine 


Cl  Cl 
XO. 


XH. 


Xo.  12  CHjO/  yCH=C - (!=()  l-nitro-5-(3,5-dinitrothyroinethylpne) 

I  I  hvdiintoin,  methvl  ether 

N^)..  <’2XX  XH 

^C^ 

II 

() 


Xo.  6 


I 


Hen  zoic  acid  series 


CHr,0^^)^  ^COOCH;, 

^  r" 


3,5-diiodothyrofoiTnic  acid,  nudhyl  etht'r, 
methyl  ester 


I  l_ 

W148!)  HO^  /^’****H  3,5,3',5^-t<‘lniiodothyroformie  acid 

I  r' 

XO. 

L, 

Xo.  4  CH30<^^ 3, 5-dinitrothyrofonnie  aeid,  methyl  ether 

“  I 

XO. 


XO. 

L 

Xo.  5  CHjO/  '^CtXKMli 

r 

xo. 

XH. 

L 

Xo.  !♦  CH.,0^  ^O^  ^COOCH, 

XHj 

XHj  XH2 

S-X 

No.  11  CHjOf  So/  K’OOCH., 


3,5-dinit  rot  hyroformie  aeid,  methyl  ether, 
methyl  ester 


3, 5-diaminot hyroformie  aeid,  methyl  ether, 
methyl  ester 


XHi 


3,5,3'-triaminothyroformic  aeid,  methyl 
ether,  methyl  (‘ster 
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Table  2.  (Continued) 


Arelir  arid 

I 

series 

WKi'Jl 

Ho/^o/  /CHA’OOH 

3-iodothyroacctic  acid 

W1701 

ho/  yu/  /CH.COOH 

3,3'-diiodothyroacctic  acid 

\V15()2 

I 

ho/  /o/  V'H..cooh 
r" 

3,5-dii<Kiot  iiy roaect  ic  acid 

\Vlti8U 

_  i_ 

C'H:,o/  ^o/  /CH..COOH 

3,o-diiodothyroacctic  acid,  mctliyl  ctlicr 

Wlti'.C.t 

ho/  'a>/  /CH,('00H 

3,3',5'-triiodotliyroai'ctic  acid 

X(  ).. 

1 

No.  10 

(’H.o/  /()/  (’H,COOH 

NO, 

3,o-diiiitrothyr(>accti<‘  acid,  methyl  ether 

No.  2 

C'H:;(t/  ^o/  (’H.,COOC\H„ 

NO, 

3,o,3'-triiiitrothyroacetic  acid,  methyl 
ether,  ethyl  ester 

NH, 

1 

No.  lo 

1 

CH,o/  /o/  X'H,COOH 

n4i, 

3,5-diaminothyroacetic  a<M<l,  methyl  ether 

WUilS 


\VI()()8 


No.  22 


\V1()()7 


W  Ui22 


liutijrie  arid  series 


_  I_ 

H()^  M'HiC'HjC'H-i  3,5-dii(Ml()thvr<»l)utvric  acid 

=■  I  •  ■ 

‘  coon 

Propionic  arid  series 


ho/  ;,CH.CFI..COOH 


CH,(K^  >0 


CH..CH,C(  )OH 


ho/  ^)/  V'HjCH,COOH 

=  -==- 


ho/  /CHsCHiCOOH 


S-iodotiiyropntpioiiic  acid 


3-iodothyi()pi()pi()iiic  acid,  inctliyl  ether 


3,5-dii(Klothyropropioiiic  acid 


3,3'-dii(Klothyropro|)ioiiic  acid 
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Table  2.  (Continued) 

H(  ^CHsCH'COl  )H  3,3',5’-l riiodothyropropionic  aciil 

I  ~ 


Ho.  >0.^^  xCHoCH-jCOC )H  3-aniiiiothyr()propi<)iiic  acid 


CH,()/  ^()^>CH2CH.. 


3-aniinothyropropionic  acid,  methyl  ether, 
ethvl  »>ster 


COOC.H, 


CHsO^  ^CHiCHjCOt  )H  3-aniiiiothyr<»propioiuc  acid,  methyl  ether 


CO(  )C.H, 


c:h,o"  >CH.CH 


3,o-diiodothyromethylmal()idc  acid,  methyl 
ether,  diethyl  ester 


(MIOCVH. 


COOCsHi 


OOOCoHj 


3,5-diidtrothyromethylenemalotiic  acid, 
methyl  ether,  diethyl  ester 


-y‘=  COOCiIE 

_  I _ ^  I 

CHsO '  ^C'HjCH  3,5-diaminothyromethylmah)nic  acid, 

'  meth\-l  ether,  diethvl  ether 

MI,  COOCiHs 


CHaO^  ^CH=('H(’()OH  3-nitrf)thyroacrylic  acid,  methyl  ether 


CHjO^  /CH=Cn(;()OC,Hi  3-idtr()thyroacrylic  acid,  methyl  ether, 

ethvl  ester 


acetic,  2.4;  triiodothyropropionic,  2,8;  methyl  ether  of  triiodothyroacetic, 
2.0;  and  tetraiodothyroacetic,  5.0.  With  due  regard  for  the  error  of  estimate 
in  each  assaj'  method,  it  can  he  stated  that  ratios  of  2.5  or  greater  may  he 
considered  statistically  significant  at  p  =  0.05.  It  is  interesting  that  these 
same  preparations  were  the  ones  found  to  he  most  active  hy  the  tadpole 
metamorphosis  assay,  hy  Money  et  al.  (6,  7).  Such  high  ratios  may  repre¬ 
sent  a  real  dichotomy  of  actions,  for  example  with  respect  to  suppression  of 
pituitary  TSH  output  versus  stimulation  of  oxygen  consumption,  within  a 
given  species  (rats),  as  well  as  between  species  (rats  versus  tadpoles). 


72 


STASILLI,  KROC  AND  MELTZER 


Volume  6'4 


Another  possible  cause  of  high  ratios  may  relate  to  the  differential  calori- 
genic  activities  of  several  analogues  in  normal  versus  thiouracilized  rats. 
This  latter  point  will  be  the  subject  of  a  subsequent  paper  (18). 

Active  analogues — decomposition  associated  ivith  method  of  solution 

The  results  of  repeated  assays  with  8,o,3',5'-tetraiodothyroacetic  acid 
are  shown  in  Table  3.  This  close  examination  was  made  to  verify  the  pre¬ 
viously  mentioned  high  goiter-prevention  calorigenic  activity  ratio  of  5.0 
and  also  to  account  for  a  peculiar  behavior  of  this  analogue  under  certain 
conditions  of  solution.  In  the  first  four  assays  (Table  3)  the  compound  was 
dissolved  in  alkali  and  diluted  with  physiological  saline.  The  resulting 
potencies  of  56%  and  69%  by  goiter-prevention  test  were  observed  with 
groups  of  five  to  eight  rats  each,  at  several  dose  lev^els.  Calorigenically,  the 
same  composite  lot  assayed  6%  in  one  group  of  four  rats  at  a  single  dose 
level,  and  11%  with  groups  of  eight  rats  at  three  dose  lev  els.  The  high  ratio 
between  activities  by  the  different  assay  methods  was  thus  firmly  estab¬ 
lished.  After  these  results  were  obtained  the  method  of  solution  was  modi¬ 
fied  by  using  alcohol  as  a  primary  solvent,  followed  by  alklali  and  physio¬ 
logical  saline  as  a  diluent.  Many  of  the  inactive  analogues  (Table  2)  under 
test  at  that  time  were  more  easily  solubilized  by  this  procedure.  Solutions 
of  a  new  lot  of  tetraiodothyroacetic  acid  (lot  6,  assays  56  and  56A,  Table  3) 
were  prepared  for  tests  using  these  modifications.  The  compound  was  par- 


Table  3.  Effects  of  method  of  st)LL'TioN  ox  biologic  activity  of 
3,5,3',5'-TETRAIODOTIiyROACETIC  ACID.  (W1483,  T4  acetic) 


.\8say  Xo. 

Lot  Xo. 

Per  cent  of 
thyrox.  activity 

Method  of  solution 

(Joiter- 

prevention 

Calorigenic 

36A 

Composite  (2,  3,  4) 

5(i 

_ 

.Alkaline-saline* 

4t)A 

Composite  (2,  3,  4) 

— 

6* 

.Alkaline-saline' 

43 

Composite  (2,  3,  4) 

69 

-- 

.Alkaline-saline* 

49A 

Composite  (2,  3,  4) 

— 

11 

.Alkaline-saline* 

56;  56A 

6 

— 

<lt 

.Alcohol-alkaline-sal.* 

51 

2 

50 

— 

.Alcohol-alkaline-sal.* 

51 

.3 

54 

— 

.Alcohol-alkaline-sal.* 

51 

4 

52 

— 

.Alcohol-alkaline-sal.* 

51 

6 

47 

— 

.Alcohol-alkaline-sal.* 

62A 

6 

— 

1 1 

.Alcohol-prop,  glvcol.* 

53 

6 

58 

— 

.Alcohol-prop,  glvcol.* 

53 

6 

69 

— 

.Alcohol-alkaline-.sal. 

53 

6 

<lt 

— 

.Alcohol-alkaline-sal. 

.Average  (omitting*  and  t): 

57 

11 

Range  of  mean  (P=0.95): 

50-64 

*  Preliminary  te-st:  four  rats;  single  dosage  level, 
t  Solutions  developed  color  reaction. 

*  Preps,  dissolved  in  minimal  alkali  (N/10  XaOH)  and  diluted  with  physiological  saline. 
’  Preps,  dissolved  in  absolute  ethyl  alcohol  (plus  minimal  volume  of  X/10  XaOH,  if 

needed)  and  diluted  with  saline  adjusted  to  pH  8-9.  -Vlcohol  not  greater  than  10%,  hj' 
volume,  in  final  solution. 

*  Preps,  dissolved  in  absolute  ethyl  alcohol  and  diluted  with  propylene  glycol,  such  that 
final  solution  was  10%  and  90%,  respectively,  by  volume. 
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tially  dissolved  by  alcohol.  The  addition  of  a  small  volume  of  N  10  NaOH 
gave  a  clear  amber-colored  solution.  When  saline  adjusted  to  pH  8-9  was 
added  as  diluent,  the  color  of  the  re.sulting  solution  immediately  changed 
to  dark  green.  Within  two  minutes  the  color  gradually  returned  to  a  clear 
yellow.  During  the  cour.se  of  five  days  of  administration  of  this  solution  in 
a  group  of  eight  rats,  no  .significant  elevation  of  HMR  was  obtained  al¬ 
though,  in  the  concentration  employed,  the  drug  was  expected  to  produce 
a  strong  respon.se.  Thus,  the  activity,  if  any,  was  recorded  as  le.ss  than  1%, 
as  shown  in  Table  8. 

The  po.s.sil)ility  that  lot  0  might  be  chemically  different  from  the  com¬ 
posite  of  lots  2,  8  and  4  (Table  8,  first  four  assays)  was  considered  in  .spite 
of  the  fact  that  paper  partition  chromatography  indicated  that  the  various 
lots  were  (juite  similar.  A  new  solution  of  lot  6,  in  a  concentration  three 
times  greater  than  previously  employed,  was  prepared  using  the  alcohol- 
alkali-saline  sy.stem  as  before.  The  same  color  changes  were  ob.served,  and 
assay  confirmed  the  essential  lack  of  calorigenic  activity  (Table  8,  No. 

Lots  2,  8,  4  and  (>  were  then  assayed  separately  for  goiter-prevention 
activity.  Solutions,  at  the  much  lower  concentrations  needed  in  this  test 
method,  were  prepared  with  the  alcohol-alkali-.saline  system.  No  color 
changes  were  observed  and,  as  shown  by  assay  No.  51,  Table  8,  the  four 
lots  had  the  expected  activities.  The  differences  in  activities  between  lots 
were  therefore  not  significant,  thus  corroborating  observations  made  by 
means  of  chromatographic  analysis. 

At  this  point,  it  was  apparent  that  we  were  dealing  with  a  preparation 
for  which  a  valid  assay  of  biological  activity  depended  on  a  set  of  specifi( 
conditions  including  the  drug  alkali  ratio.  In  order  to  test  this  hypothesis, 
lot  0  was  again  a.ssayed,  by  both  methods,  under  three  different  conditions 
of  .solution.  For  calorigenic  assay  No.  ()2A,  Table  8,  675.0  mg.  of  lot  6  were 
di.ssolved  in  15  cc.  ab.solute  ethyl  alcohol  and  diluted  to  150  cc.  with  propyl¬ 
ene  glycol.  Since  no  alkali  was  pre.sent  no  color  change  was  ob.served. 
Doses  of  50  mKm  160  mK-  and  450  mK-  0.25  cc./lOO  gm.  body  weight  were 
administered  .subcutaneously  daily,  for  seven  days,  using  eight  rats  per 
dose  level.  When  the  areas  under  the  resulting  BMR  increment  curves  were 
used  to  construct  a  dose-respon.se  curve  and  this  was  compared  to  the  curve 
for  the  thyroxine  standard,  the  calculated  relative  activity  of  lot  6  was 
11%.  This  confirmed  earlier  a.s.say.s  (Nos.  46A  and  49A,  Table  8)  of  alkaline 
.solutions  of  identical  drug  concentrations,  which  did  not  give  color  reac¬ 
tions.  For  goiter-prevention  assay  No.  58,  Table  8,  lot  6  was  prepared  in 
three  ways.  Twelve  milligrams  were  dissolved  in  50  cc.  of  alcohol  and  a 
25  cc.  aliquot  thereof  was  diluted  to  250  cc.  with  propylene  glycol  to  com¬ 
plete  the  first  solution.  A  second  solution  was  prepared  by  addition  of 
2.5  cc.  N  10  NaOH  to  the  remaining  25  cc.  of  the  alcoholic  .solution  fol¬ 
lowed  by  dilution  to  250  cc.  with  saline  which  had  been  previously  ad¬ 
justed  to  pH  8-9.  No  color  change  was  anticipated  and  none  was  observed. 
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Fig.  .3.  KjTert  of  method  of  solution  on  goiter- prevention  nctivitg  of  3,d,S',d'-tetraiodo- 
tligroaeetic  arid: 

A.  Alkaliiu'-saliiu*  solution,  pH  above  1 1  (no  color  reaction). 

H.  Alcohol-propylene  glycol  solution  (no  alkali,  no  color  reaction). 

('.  Alkaliiu'-saline  solution,  pH  substantially  below  11  (color  reaction  developecl). 

The  same  lot.  No.  (),  was  used  to  prei)are  each  solution.  See  text  for  explanation  of 
concentrations  and  color  reactions. 

The  third  solution,  in  which  a  color  reaction  was  deliberately  allowed 
to  develop,  was  prepared  by  di.ssolvinp;  ISO  mp;.  of  lot  ()  in  4.5  cc.  alcohol 
and  3.0  cc.  X/IO  NaOH.  Upon  addition  of  18  cc.  of  .saline  (pH  8-9)  the 
expected  color  changes  from  amber  to  dark  green  and  back  to  yellow 
were  ob.served.  Xo  further  change  was  obtained  with  addition  of  more 
alkali  (3.3  cc.)  and  saline  (15.0  cc.).  Each  of  the  three  solutions  was  then 
as.sayed  for  goiter-prevention  activity,  at  four  or  more  do.se  levels,  in  groups 
of  five  to  eight  rats  per  dose  level.  The  ob.served  relative  potencies  are 
sliown  in  Table  3,  assay  Xo.  53  and  the  dose-response  curves  were  plotted 
in  Figure  3.  ('urves  A  and  H  in  Figure  3,  representing  .solutions  with  and 
without  alkali,  respectively  (each  without  color  reaction)  were  not  signifi¬ 
cantly  different  statistically.  The  relative  potency  estimates  were  09%  for 
the  alkaline  solution  and  58%  for  the  alcohol-propylene  glycol  solution  as 
shown  in  Table  3. These  results  were  in  excellent  agreement  with  all  previous 
goiter-prevention  assays  of  the  various  lots  of  tetraiodothyroacetic  acid. 
On  the  other  hand.  Curve  C,  Figure  3,  clearly  demonstrates  the  expected 
loss  of  activity  in  a  solution  which  gave  the  color  changes.  Bioa.s.say  calcu- 


.lantiunj, 


HIOASSAY  OF  THYHOXIXi:  AXALOOFF 


lations  sliowed  that  more  than  S)9%  of  the  aetivity  of  this  latter  solution 
had  been  destroyed.  This  finding  was  substantiated  by  the  fact  that  none 
of  the  original  tetraiodothyroaeetie  aeid  in  this  solution  eould  be  detected 
by  paper  partition  chromatography.  Whether  the  minute  residual  activity 
(  <1%)  was  due  to  traces  of  intact  tetraiodothyroaeetie  acid,  which  might 
escape  chromatographic  analysis,  or  to  biologically  active  decomposition 
products  remains  to  be  determined. 

A  more  detailed  study  of  the  decomposition  of  tetraiodothyroaeetie  acid 
revealed  that  the  speed  of  degradation  depended  on  a  number  of  variables. 
Among  these  were  drug  concentration,  temperature,  pH  and  trace  impuri¬ 
ties  in  the  various  lots  of  material  (Table  3).  Decomposition  was  effective¬ 
ly  inhibited  by  the  addition  of  hydrocpiinone  or  thyroxine  and/  or  by  lower¬ 
ing  the  temperature.  It  was  not  inhibited  when  an  atmosphere  of  nitrogen 
and  a  solvent  free  of  dissolved  oxygen  were  used.  Solutions  made  up  at 
pH  11-12  and  (|uickly  frozen  did  not  show  significant  decomposition. 
However,  when  the  initial  pH  was  approximately  9  10,  a  rapid  degrada¬ 
tion  ensued,  at  room  temperature,  and  the  characteristic  color  change  was 
obtained.  Variations  in  pH  produced  concomitant  variations  in  the  speed 
of  decomposition.  Thus  it  was  possible  to  obtain  slow  but  significant  <le- 
struction  without  noticeable  color  changes.  Paper  partition  chromato¬ 
graphic  analysis  of  such  solutions  revealed  that  the  original  drug  had  been 
replaced  by  several  decomposition  products  including  ionic  iodide.  Obser¬ 
vations  with  other  analogues  indicated  that  X-acetylthyroxine  and8,o,;T,o'- 
tetraiodothyropropionic  acid  were  similarly  labile.  On  the  other  hand,  tri¬ 
iodothyronine,  thyroxine,  triiodothyroacetic  acid  and  triiodothyropropi- 
onic  acid  were  stable  under  these  conditions.  A  search  of  the  older  litera¬ 
ture  revealed  that  in  the  course  of  work  on  the  structure  of  thyroxine, 
Kendall  and  Osterberg  (19)  also  noted  evidence  of  decomposition.  They 
found  that  X-acetylthyroxine,  unlike  thyroxine  itself,  was  unstable  as  its 
sodium  salt  either  in  solution  or  in  the  solid  state. 

.\  review  of  the  materials  and  methods  section  of  many  published  re¬ 
ports  revealed  that  bioassays  of  parenterally-administered  thyroxine  ana¬ 
logues,  in  animals  and  humans,  have  usually  been  conducted  with  the  use 
of  alkaline  solutions  (2,  8  and  this  report).  In  at  least  one  instance  (5) 
8,o,8',o'-tetraiodothyroacetic  acid,  in  alkaline  solution,  was  autoclaved 
prior  to  injection.  In  view  of  the  labile  nature  of  certain  analogues,  under 
these  conditions,  it  is  suggested  that  the  reported  biological  actions,  or  lack 
of  action,  attributed  to  these  analogues  may  be  in  error.  Paper  partition 
chromatographic  analysis  of  test  solutions  at  the  beginning  and  end  of  in¬ 
jection  periods  would  appear  to  be  a  valuable  adjunct  to  the  bioassay 
procedures.  For  preparations  such  as  8,5,8^^  -tetiaiodothyroacetic  acid, 
the  use  of  solutions  containing  no  alkali  would  increase  confidence  in  the 
results  of  bioa.ssays. 
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Evaluation  of  the  decomposition  problem 

Evidence  for  the  decomposition  of  one  lot  of  tetraiodothyroacetic  acid,  in 
the  presence  of  alkali,  appeared  late  in  the  sequence  of  experiments  re¬ 
ported  here.  Since  most  of  the  compounds  had  been  dissolved  in  this  man¬ 
ner,  it  became  necessary  to  determine  whether  the  other  analogues,  active 
as  well  as  inactive,  had  undergone  degradation.  Accordingly,  samples  of  all 
of  the  iodine-containing  compounds  were  again  dissolved  in  alcohol-alka¬ 
line  saline  and  studied  chromatographically®  before  and  after  four  or  five 
days  storage  in  the  frozen  state.  The  pH  of  the  freshly  prepared  solutions 
ranged  from  7.8-9.8. 

As  expected,  tetraiodothyroacetic  acid  (W1483,  lot  6)  and  tetraiodo- 
thyropropionic  acid  (W1524)  showed  marked  decomposition.  In  addition, 
tetraiodothyroacrylic  acid  (W174o),  tetraiodothyrobutyric  acid  (WK)20) 
and  3,0,8 '-triiodothyrobutyric  acid  (W1621),  each  biologically  active  as 
shown  in  Table  1,  may  have  undergone  some  changes.  Similarly,  the  bio¬ 
logically  inactive  3,o-diiodothyroacetic  acid,  methyl  ether  (WK)80,  Table 
2)  showed  some  evidence  of  decomposition.  The  remaining  22  analogues 
appeared  to  be  stable  in  this  chromatographic  study  both  initially  and 
after  storage. 

Since  no  decomposition  had  been  observed  in  alcohol  propylene  glycol 
solution,  it  was  of  interest  to  determine  the  activities  of  labile  compounds 
in  the  absence  of  alkali.  Comparative  a.ssays  of  W1483  (Table  3,  Fig.  3) 
indicated  that  this  compound  was  not  more  active  in  alcohol  propylene 
glycol  than  it  was  in  alkaline  solution  when  decomposition  was  effectively 
inhibited  with  exce.ss  alkali.  Similarly,  inactive  W1680  (Table  2)  was  again 
found  inactive  when  dissolved  in  alcohol  propylene  glycol.  Higher  relative 
potencies  for  Wlo24,  W1745,  W1620  and  W1621  (Table  1)  might  result  if 
these  analogues  were  assayed  in  the  absence  of  alkali.  If  the  degree  of  de¬ 
composition  for  a  given  compound  is  not  greater  than  15%,  the  observed 
potencies  (Table  1),  would  not  change  appreciably  because  the  inherent 
error  of  the  goiter-prevention  a.ssay  is  ±  15%  at  the  95%  confidence  limits. 

The  in  vitro  studies  of  Freinkel,  Ingbar  and  Dowling  (37)  indicated  that 
adsorption  of  thyroxine  on  gla.ss  surfaces  might  have  influenced  the  out¬ 
come  of  their  work  with  thyroxine-binding  protein  and  thyroxine  uptake 
by  tissue.  They  used  physiological  levels  of  thyroxine  (about  0.05  mS-  to 
0.1  /ig.  ml.)  .so  that  ev’en  slight  ad.sorption  might  represent  a  .significant 
proportion  of  the  total  thyroxine  present.  Previously,  the  same  authors 
(38)  had  calculated  that  40%  of  a  200  ng.%  .saline  solution  of  thyroxine 
was  adsorbed  to  glassware  and  that  the  percentage  adsorbed  decreased 
with  increasing  concentrations. 

’  Circular  paper  partition  chromatoKraphy,  using  Whatman  Xo.  1  paper,  was  car¬ 
ried  out  on  the  samples.  The  solvent  employed  was  t-amyl  alcohol  saturated  with  6X 
ammonia. 
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Adsorption  varies  with  different  compounds.  The  lowest  concentrations 
of  compounds  used  in  our  experiments  were  generally  greater  than  200 
jug.%.  Bearing  in  mind  the  +15%  accuracy  of  the  goiter-prevention  test, 
adsorption  of  some  of  the  compounds  may  have  occurred,  particularly  at 
lower  concentrations.  Lack  of  significant  adsorption  may  be  postulated, 
since  solutions  of  the  same  compound  (thyroxine.  Table  4)  at  different  con- 
(*entrations  gave  essentially  the  same  results.  However,  preferred  proce¬ 
dure  would  attempt  to  control  the  uncertainties  and  variables  of  adsorption 
by  equilibrating  glassware  with  preliminary  solutions  of  all  compounds. 

Active  analogues — speed  of  calorigenesis 

The  speed  of  reaction  of  thyroxine  analogues  on  oxygen  consumption, 
in  vivo  and  in  vitro,  has  been  the  subject  of  conflicting  reports.  In  humans, 


Table  4.  Ccimparison  ok  “endpoint”  dosage  in  two  bioassay  procedtres 


(ioiter-preventioiC  Calorigeiiip* 


No. 

of 

assays 

1 )osc^ 

No. 

of 

assays 

1 )osc^ 

\V  1 5(i:i 

L-thyroxiiie  sodium  pciitaliydrati' 

12 

H.d 

2.:i 

\V1575 

:i,5,:V-triio(lo-l-thyroiuiu‘ 

2 

0.5 

2 

0.25 

3,5,3'-triio(lothyroacctic  acid 

2 

7 .5 

2 

10.7 

\V148:i 

a,5,d',5'-tetraiodothyroacctic  acid 

8 

5.0 

ii 

21 .4 

\V1525 

3,5,a'-triiodothyropropioiiic  acid 

7 .7 

1 

19.0 

\V1524 

3,5,d',5'-tetrai()d()thyropi()pioiiic  acid 

1 

22.5 

1 

:i7.5 

•  Dose-responsp  curves  cah-uhited  with  5-12  rats/dosage  level  and  minimum  of  two  dosage 
levels  per  prep. 

*  -X-intereept;  minimum  prep./lOO  gm.  body  wt./day  reipiireil  to  maintain  “normal” 
(d.O  mg./lOO  gm.  B.  wt.)  thyroid  gland  weight  in  200  gm.  Female  rats  maintained  on  diet 
containing  0.:i%  thiouracil. 

’  X-intercept;  maximum  ^g.  prep./lOO  gm.  B.  wt./day  which  will  not  increa.se  the  oxygen 
consumi)tion  of  dOO  gm.  normal  male  rats. 

Blackburn  et  al.  (20)  found  that  /-triiodothyronine  produced  a  peak  re¬ 
sponse  of  BMR  in  24  to  48  hours  versus  7  to  10  days  for  /-thyroxine,  while 
Hall  et  al.  (21)  observ’ed  no  qualitative  differences  in  metabolic  changes  in¬ 
duced  by  thyroxine,  triiodothyronine  and  tri-  and  tetraiodothyroacetic 
acid.  The  latter  two  analogues  were  reported  to  cause  an  immediate  rise  in 
oxygen  consumption,  in  vitro,  by  Thibault  and  Pitt-Rivers  (22).  However, 
Barker  and  Lewis  (23)  ob.served  no  immediate  metabolic  increments  for 
these  two  preparations  either  in  vitro  or  in  vivo.  Parts  of  the  curves  in  Fig¬ 
ure  1  were  used  to  construct  Figure  4  in  order  to  show,  more  clearly,  the 
comparative  BMR  responses  obtained  twenty-four  hours  after  the  initial 
dose  of  several  analogues  and  a  soluble  hog  thyroglobulin  preparation.  It 
is  apparent  that  the  responses  were  roughly  proportional  to  the  dose  and 
that  each  material  was  capable  of  producing  significant  BMR  elevation  as 
early  as  twenty-four  hours  after  injection  (Fig.  4,  solid  bars).  Returning  to 
Figure  1,  it  will  be  noted  that  after  the  final  injection  (indicated  by  arrow) 
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Volume  (L'l 


I 


INITIAL  DOSE 
RESPONSE 


REPEAT  TEST 
RESPONSE 


AV.  % 

GO¬ 

B.M.R. 

AD- 

CHANGE 

20- 

0 

24  hrt. 

40-1 

AFTER 

20- 

DOSE 

■ 

2  I  16  I  55  I  160 
6  55  55  160 


10  I  30 
10  30  30 


T4  ACETIC 


3 

j\ 

50  I  450 
150 


T4PROP.  T,  ACETIC  T3  PROP.  5  SOLUBLE 

_  3  12  THYROGLOB.  3 

iji|  i4)j  ^ 

1270  105  105  90  900  700  2120 

jig^lOO  gm.  BODY  Wt. :  SUBCU,  NORMAL  ADULT  MALE  RATS 


Fig.  4.  Rise  in  BM R,  from  normal  base  line,  24  hrs.  after  injection  of  thyroxine  ana¬ 
logues  and  soluble  tliyroglobulin: 

Solid  bars  indicate  resiionso.s  011  Day  1  sliown  in  Fisuros  1  and  2. 

Symbols  at  upper  left  of  eaeh  series  of  bars  identify  eomiiounds  for  nderenee  to 
Fiijnres  1  and  2. 

Xuinbers  over  bars  identify  speeifie  curves  in  Figure  1. 

Numbers  under  bars  identify  the  doses. 

Cross  hatched  bars  show  the  24  hr.  resimn.ses  obtained  in  repeat  tests  after  various 
groups  in  Figure  1  wen*  allowed  to  return  to  their  normal  levels. 


the  rate  of  return  to  pre-treatment  base  lines  was  rapid  and  similar  for  all 
preparations.  When  the  rats  returned  to  or  near  their  normal  base  line 
they  were  re-injeeted  with  doses  erpial  to  or  sieatt"!’  than  those  employed 
originally  and  the  twenty-four  hour  response  was  observed  again  as  shown 
by  the  eros.s-hatehed  bars  in  Figure  4.  These  results  indieate  that  eom- 
parable  do.ses  produced  respon.ses  eipiivalent  to  those  observed  initially 
and  that  increased  do.sage  resulted  in  greater  responses  for  each  prepara¬ 
tion.  Therefore,  on  the  basis  of  BMR  increments,  determined  twenty-four 
hours  after  dosing,  no  cpialitative  differences  in  response  were  ob.served 
with  any  of  the  materials  in  rats.  However,  it  is  possible  that  ob.servations 
made  earlier  than  twenty-four  hours  (e.g.,  0  to  12  hours  after  injection) 
might  uncover  such  differences  since  .significant  BMR  increa.ses  have  been 
noted  in  intact  rats  (24)  as  early  as  twelve  hours  after  injection  of  soluble 
tliyroglobulin. 

The  potency  of  soluble  tliyroglobulin  (Figs.  2  and  4)  was  only  0.8%  of 


January,  lOoO 


BIOASSAY  OF  THYROXIXK  AXALOOFF 


79 


that  of  tliyroxine  when  the  doseis  shown  were  used  for  calculation.  How¬ 
ever,  this  natural  hormone  contained  less  than  1%  total  thyroidal  iodine 
and  the  biologically  active  thyronine-bound  iodine,  as  determined  by  the 
method  of  Blau  (2o),  represented  less  than  one-third  of  the  total  iodine. 
This  observation,  previously  reported  by  Kroc  e(  al.  (2()),  supported 
earlier  results  obtained  by  Hoche  and  Michel  (27)  with  thyroid  glands  of 
several  mammalian  species.  The  thyroxine  standard  used  in  this  study 
contained  about  55%  total  iodine  and  virtually  all  of  this  was  biologically 
active.  Thus,  when  the  potency  was  calculated  on  the  basis  of  thyronine- 
bound  iodine  contents,  the  activity  of  soluble  hog  thyroglobulin  was  225% 
of  that  of  thyroxine.  Calculations  indicate  that  a  minimum  of  20  to  25%  of 
the  thyronine-bound  iodine  in  the  thyroglobulin  would  have  to  be  present 
in  the  form  of  -ti'iiodothyronine  in  order  to  account  for  the  signifi¬ 
cant  excess  of  biological  activity. 

Active  analogues — antigoitrogenic  and  calorigenic  maintenance  levels 

Several  years  ago,  Dempsey  and  Astwood  (12)  showed  that  the  main¬ 
tenance  level  of  thyroxine  in  rats  (or  the  amount  of  thyroxine  ecpiivalent  to 
the  endogenous  daily  production  of  normal  thyroids),  under  various  en¬ 
vironmental  conditions,  could  be  accurately  assessed  by  the  goiter-preven¬ 
tion  method  of  assay.  These  results  were  obtained  by  noting  the  point  at 
which  a  particular  dose-response  curve  intersected  a  horizontal  projection 
at  the  level  of  normal  control  thyroid  weight  on  the  or<linate.  Alternative¬ 
ly,  the  point  could  be  calculated  precisely  by  substituting  the  normal  con¬ 
trol  weight  for  Y  and  solving  for  X  in  the  regression  e{iuation  for  the  dose- 
respon.se  curve.  The  results  thus  obtained  for  thyroxine  have  been  con¬ 
firmed  many  times  during  the  ensuing  years  and  the  pi’ocedure  has 
achieved  universal  acceptance  as  a  way  of  determining  the  activities  of 
thyroidally  active  materials.  More  recently  the  precision  of  a  relative  po¬ 
tency  e.stimate  by  this  assay  method  was  observed  to  be  of  the  order  of 
±15%  at  the  95%  confidence  level  (Kl). 

The  technical  difficulties  involved  in  BMR  measurements  in  rats  has 
generally  precluded  the  usefulne.ss  of  this  a.ssay  method  for  determining 
maintenance  or  threshold  levels  of  thyroidal  preparations.  Such  difficul¬ 
ties  may  account  for  the  wide  difference  (about  100-fold)  in  the  thresholds 
of  thyroxine-respon.se  for  the  pituitary-thyroid  axis  versus  oxygen  con¬ 
sumption,  ob.served  by  Kennedy  and  (Iriesbach  (28).  Under  optimal  test 
conditions  the  calorigenic  a.s.say  can  yield  values,  in  terms  of  absolute 
units,  which  agree  with  similar  values  derived  antigoitrogenically.  This  has 
been  demonstrated  by  Dempsey  and  Astwood  (12)  and  Reineke  et  al. 
(29).  Several  of  the  goiter-prevention  and  calorigenic  X-intercept  values 
(bioa.ssay  “endpoints”)  obtained  in  our  .studies  are  shown  in  Table  4.  It 
will  be  .seen  that  re.sults  obtained  by  the  two  assay  methods  are  in  good 
agreement  for  compounds  \\’15G8,  W1575,  \\T499  and  W1524  when  due 
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allowance  is  made  for  a  ±  15%  goiter-prevention  assay  error  and  a  —33% 
to  +50%  error  for  the  calorigenic  assay.  It  is  interesting  that  the  latter 
assay  gave  lower  results  for  thyroxine  and  triiodothyronine.  The  differ¬ 
ences  ob.served  for  preparations  \V1483  and  W1525  (Table  4)  were  signifi¬ 
cant  and  appear  to  repre.sent  a  real  dichotomy  of  action  with  respect  to  the 
two  parameters  of  function  (pituitary-thyroid  axis  versus  total  metabo¬ 
lism).  The.se  results  agree  with  those  described  in  a  previous  section  of  this 
report. 

Inactive  analogues — antigoitrogenic  and  calorigenic  tests 

Thirty-three  of  the  forty-five  thyroxine  analogues  covered  by  this  report 
were  ob.served  to  have  less  than  3%  of  thyroxine-like  activity,  if  any,  as 
shown  in  Table  2.  On  scanning  this  list  it  will  be  noted  that  all  3-  monoiodo 
and  3,5-diiodo  compounds,  which  have  no  substituents  in  the  3'  and  or  5' 
positions,  were  inactive.  3,5-diiodo-/-thyronine  (Table  1)  was  the  only  ex¬ 
ception  to  this  rule.  Substitution  with  nitro  or  amino  groups  at  positions 
3;  3,5;  or  3,5,3'  gave  inactive  compounds.  Similarly,  3,5,3',5^-tetrachloro- 
d/-thyronine  was  found  inactive.  Several  analogues  (Table  2)  having  a 
4'-methoxy  group  instead  of  a  4'-hydroxyl  group  were  also  tested  and  all 
were  without  detectable  activity.  This  was  anticipated  in  view  of  the  sig¬ 
nificant  reduction  in  goiter-prevention  activity  obtained  with  the  4'- 
methyl  ether  corresponding  to  3,5,3'-triiodothyroacetic  acid  (Table  1). 

Of  particular  interest  in  Table  2  was  the  fact  that  all  3,3'-diiodo  and 
3i3',5'-triiodo  analogues  were  singularly  devoid  of  biological  activity  by 
either  test.  This  observation  was  of  special  importance  with  regard  to  prep¬ 
arations  Wl()41  (3,3'-diiodo-d/-thyronine)  and  \V164()  (3,3',5'-triiodo-d/- 
thyronine)  since  Hoche,  et  al.  (30)  found  the  levo-isomers  of  the.se  com¬ 
pounds  to  be  85%  and  10%,  re.spectiv  ely,  as  active  as  /-thyroxine  by  goiter- 
prevention  test.  In  another  paper  Hoche  and  Michel  (31)  reported  85% 
and  5%,  respectively,  for  the  dZ-isomers  of  3,3'-diiodo  and  3,3 ',5 '-triiodo¬ 
thyronine  versus  (//-thyroxine  by  the  same  method  of  assay.  Pitt-Rivers 
(32)  found  no  antigoitrogenic  activity  with  a  sample  of  our  3,3'-diiodo-c//- 
thyronine.  Similarly,  Gemmill  (33)  observed  no  oral  activity,  calorigen- 
ically,  with  his  own  3,3 '-preparation.  Recently,  however,  Michel  (34)  found 
that  a  sample  of  our  3,3 '-preparation  was  of  equal  activity  to  his  own  3,3'- 
compound  by  tadpole  metamorphosis  test,  and  in  his  goiter-prevention 
assay  he  found  30%  to  40%  activity,  ver.sus  (//-thyroxine,  for  our  material. 

Michel  (34)  pointed  out  the  po.s.sibility  that  findings  of  “no”  biological 
activitj-  for  3,3'-diiodothyronine  could  be  due  to  the  unusually  rapid  ac¬ 
tion,  degradation  and  excretion  of  this  analogue.  Indeed,  Stanbury  and 
Morris  (35)  have  recently  demonstrated  extremely  high  degradation  and 
excretion  rates  for  this  preparation  in  man.  Originally,  our  ob.servations 
with  this  material  were  ba.sed  on  dosage  schedules  which  involved  one  sub¬ 
cutaneous  injection  per  rat  per  day.  In  view  of  the  possibility  that  the  lack 
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of  activity  observed  was  due  to  rapid  excretion  and  or  lability  of  the 
compound  in  alkaline  solution,  a  new  f>:oiter-prevention  assay  was  run. 
The  3,3'-diiodo-d/-thyronine  was  dissolved  in  alcohol  propylene  glycol, 
10  90,  V  V  and  injected  subcutaneously,  three  times  per  day  per  rat,  at 
1-hour  intervals,  for  fourteen  consecutive  days.  Groups  of  5  to  8  rats  were 
employed  at  each  of  six  dose  levels.  The  total  dose  per  rat  per  day  ranged 
from  30  jug.  to  300  Mg-  At  the  completion  of  this  assay  it  was  noted  that 
3,3'-diiodo-d/-thyronine  was  inactive.  Even  the  highest  dose  (300  Mg-  rat 
/day,  equally  divided  into  three  injections  per  day)  was  unable  to  produce 
any  sign  of  reduction  in  the  thiouracil-induced  goiters. 

The  discrepancy  between  the  observations  of  Koche  et  al.  (30),  Hoche 
and  Michel  (31),  and  Michel  (34)  versus  those  of  Pitt-Rivers  (32),  (lem- 
mill  (33)  and  this  report  for  3,3'-diiodo-d/-thyronine  (Table  2)  suggests  a 
possible  inherent  difference  in  assay  methods  which  allows  some  investi¬ 
gators  to  find  activity  (30,  31,  34)  while  others  find  none  (32,  33  and  this 
report).  If  this  were  true  one  would  expect  to  find  similar  discrepancies, 
between  the  various  investigators,  for  other  analogues.  However,  this  does 
not  appear  to  be  the  case.  A  more  likely  explanation  for  the  discrepancy 
involves  the  possibility  that  the  3,3'-diiodo-thyronine  used  by  Roche  et  al. 
(30,  31)  was  contaminated  with  3,5,3'-triiodothyronine.  Their  method  of 
synthesis  for  the  3,3'-diiodo  compound  (30)  involved  the  deiodination  of 
3,o-diiodothyronine  to  yield  3-monoiodothyronine  which  was  in  turn  iodi- 
nated  to  yield  3,3'-diiodothyronine.  It  appears  conceivable  that  some  non- 
deiodinated  3,.5-diiodothyronine  was  present,  as  a  contaminant,  during  the 
iodination  of  the  3-monoiodothyronine,  so  that  not  only  the  desired  3,3'- 
diiodothyronine  but  also  some  3,5,3 '-triiodothyronine  would  be  produced. 
Since  /-triiodothyronine  is  about  eight  times  as  active  as  /-thyroxine  (Table 
1)  it  could  account  for  virtually  all  of  the  activity  reported  for  3,3'-diiodo- 
d/-thyronine  by  Roche  et  al.  (30)  assuming  it  were  present  as  a  contami¬ 
nant  to  the  extent  of  10%  by  weight  as  the  /-isomer.  The  method  of  syn¬ 
thesis  employed  in  this  laboratory  by  Meltzer  and  Stanaback  (30),  for  the 
preparation  of  3,3'-diiodothyronine,  precludes  the  possibility  of  contami¬ 
nation  with  3,5,3 '-triiodothyronine.  This  was  accomplished  in  an  inter¬ 
mediate  step,  by  replacing  the  amino  group  in  a-benzamido-3-amino-4- 
(4'-methoxyphenoxy)-cinnamic  acid  with  iodine  to  yield  a  3-monoiodo 
compound  free  of  any  3,5-diiodo  contaminant.  Direct  iodination  of  the 
.3-monoiodo  compound  cannot  then  introduce  an  iodine  substituent  in  the 
5  position. 
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BEHAVIOR  OF  IODIDE  IN  A(MD  SOLUTIONS 
OF  HEMOGLOBIN' 

1.  N.  1{()SENBEH(J 

Fifth  and  Sixtlt  {Boston  I'niverHitji)  Medical  Services,  Boston  (fty 
Hospital,  and  Department  of  Medicine,  Boston  rniver,sit!i 
School  of  Medicine,  Boston,  M assachnsetts 

AliSTHAC'T 

Acidification  of  aciucoiis  solutions  of  oxylicinof>;lol)in  containiiiff  1 '■'"-la  lad  led 
inorganic  iodide  n'sultcd  in  prompt  hindinn  of  iodine  to  the  protein,  so  that  an 
ai)preeial)l(“  fraction  and  (piantity  no  loiifjer  ladiavt'd  as  inor^anie  iodide,  as 
jiidRcd  by  solubility  in  triehloroaeetie  acid,  dialysis  and  adsorption  by  anion- 
exehanne  resins.  Hindinn  was  greatly  deereasc'd  in  the  i)r(‘sene(*  of  reduci!e; 
agents  (thiosulfate,  thiourea,  ferroeyanide,  ascorbic  Jieid)  and  of  ec'rtain  h:  li  a‘s 
(thiocyanate  and  to  a  lesser  decree  bromide),  but  tlu‘  addition  of  tluxse  sub¬ 
stances  after  bimlins  had  occurred  failed  to  ndease  iodide.  Most  of  the  bound 
icxline  was  released  aft(‘r  brief  exposure  to  stronji;  alkali  at  room  temperature. 
MethemoKlobin,  reduced  hemofilobin.  earboxyhemoKlobin  and  hematin  were 
much  less  effective  in  the  binding  reaction  than  oxyhemoglobin.  Hound  iodine 
was  found  in  both  the  j!;lobin  and  the  luunin  fractions  s(‘i)arat(‘d  by  tin*  aeitl- 
aeetone  method.  C'onsideration  of  iodine  hemin  and  iodine  iron  ratios  led  to 
the  conclusion  that  the  iodine  in  the  slobin  fraction  could  not  be  accounted  for 
as  ferrilnune  iodide  retained  in  the  f!;h)bin.  The  use  of  triehloroaeetie  acid  as  a 
protein  j)reeii)itant  in  solutions  eontainins  inorf^anie  I'-’*  could  result  in  spu¬ 
riously  hi^h  values  for  PHI''"  if  oxylnunoKlobin  were  i)re.sent. 

Althousli  the  natun'  of  the  iodine  i)rotein  combination  is  not  clear,  the  find¬ 
ings  suKKest  that  the  bindinfj;  is  a  eonsecpienee  of  an  oxidative  ehan^e  resultinj; 
from  the  acidification  of  oxyhemof;lobin. 

IN  USING  the  triehloroaeetie  aeid  proeediire  for  (he  determination  of 
eonversion  ratio.s  (PHI''*  total  P'*')  in  a  series  of  arterial  blood  .serum 
samples  obtained  one  to  three  hours  after  the  administration  of  P'”  to 
human  subjeets,  erratie  results  were  oeeasionally  eneountered,  the  values 
in  some  samples  being  appreeiably  higher  than  had  been  expeeted  ami  than 
were  found  in  most  of  the  samples  in  the  series.  It  was  noted  that  the  high 
values  were  obtained  in  .sera  in  which  hemolysis  had  occurred,  and  it  was 
found  that  if  a  crystal  of  sodium  thio.sulfate  was  added  to  such  hemolyzed 
.samples  before  precipitation  with  trichloroacetic  acid,  the  conversion  ratios 
were  comparable  to  tho.se  of  non-hemolyzed  samples  in  the  series.  It  ap¬ 
peared  likely  that  the  pre.sence  of  hemoglobin  was  responsible  for  the.se 
curious  effects  and  a  study  was  made  of  .some  of  the  properties  of  solutions 
containing  both  hemoglobin  and  iodide. 

METHODS 

Hemoglobin  solutions  were  pn'jjansl  from  human  red  blood  cells  obtained  from  out¬ 
dated  bank  blooo.  .\fter  nunoval  of  the  j)lasma  by  centrifugation,  tlu*  cells  were  washc'd 
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repcatedl}’  with  0.9%  sodium  chloride  solution  and  were  hemolyzed  by  being  shaken 
with  1  volume  of  water  and  0.4  volumes  of  toluene  (1).  The  clear  hemoglobin  layer  was 
filtered  through  cotton,  the  filtrate  was  dialyzed  against  several  changes  of  distilled  water 
for  several  days  at  4°  C,  and  the  resulting  hemoglobin  solutions  were  used  for  the  ex¬ 
periments.  Solutions  containing  approximately  50%  methemoglobin  were  prepared  by 
permitting  oxyhemoglobin  solutions  at  pH  5.1  (HCl)  to  undergo  auto-oxidation  for  24 
hours  at  room  temperature  (2).  Methemoglobin  solutions  were  also  prepared  by  adding 
a  slight  excess  of  potassium  ferricyanide  to  hemoglobin  solutions  and  then  dialyzing  ex¬ 
haustively  in  tap  water  and  then  distilled  water.  Hemin  was  prejiared  from  aqueous 
hemoglobin  solutions  by  the  method  of  Drabkin  and  Austin  (3),  and  recry.stallized 
from  pyridine-chloroform  (4). 

The  acid-acetone  procedure  of  .Vnson  and  Mirsky  (5)  was  used  to  .separate  hematin 
from  globin.  Oxyhemoglobin  solutions  made  .05  to  0.1  X  in  HC'l  were  pas.sed  through 
an  anion-exchange  resin  column  and  10 to  15  volumes  of  acetone  containing  1%  IX  HCl 
were  added  to  the  effluent  to  precipitate  the  globin  and  dissolve  the  hemin.  Precipitation 
was  carried  out  in  large  centrifuge  tubes,  the  supernatant  solution  was  removed  by  aspi¬ 
ration,  and  the  precipitate  washed  twice  with  acetone-HCl  and  twice  with  acetone  be¬ 
fore  being  dissolved  in  H2O  to  appropriate  volume  and  used  for  further  study.  Hemin 
was  precipitated  from  the  chilled  acetone  supernatant  solutions  by  addition  of  1  100 
volume  of  2X  sodium  acetate,  the  j)recipitate  being  collected  by  centrifugation  and 
washed  several  times  with  dilute  acetic  acid.  Recovery  of  hemin  was  not  quantitative. 

Radioactivity  measurements  were  made  with  a  well-type  scintillation  counter,  ap¬ 
propriate  corrections  being  applied  for  variation  in  sample  volume.  The  radioactive 
iodine  used  was  carrier-free  Xa  1”*  in  isotonic  saline,  containing  benzylalcohol  (0.9%), 
obtained  as  sterile  .solution  Sodium  Rjulio-Iodide  (I'®')  Therapeutic  from  .Vbbott  Labo¬ 
ratories.  This  material  was  greatly  diluted  with  distilled  water  before  it  was  used.  In 
experiments  involving  trichloroacetic  acid  (TC.\)  precipitation  of  proteins  and  deter¬ 
mination  of  radioactivity  in  the  precipitate,  the  dis.solved  precipitate  was  counted  in  th(‘ 
test  tube  in  which  the  original  sample  had  been  measured  and  in  which  precipitation  anil 
washing  had  been  subsequently  performed,  so  that  no  transfer  of  material  was  required. 
Precipitation  of  proteins  was  made  by  adding  4  to  8  volumes  of  ice-cold  10%  TC.V; 
ten  minutes  later  the  mixture  was  centrifuged,  the  supernatant  liquid  removed  by  aspira¬ 
tion,  the  precipitate  resuspended  in  10%  TC.\,  centrifuged,  and  the  liquid  again  aspi¬ 
rated.  The  precipitate  was  then  dissolved  in  2X  XaOH  with  mild  heating. 

In  some  experiments  the  anion-exehange  resin  .Vmberlite  IR.V-400  was  used  to  re¬ 
move  inorganic  iodide  from  hemeprotein  solutions.  .\  column  of  resin  60X8  mm.  was 
used,  the  previously  recycled  resin  being  washed  with  water  after  having  been  converti'd 
to  the  acetate  or  chloride  form.  One  or  2  ml.  of  solution  were  added  to  the  eolumn  and 
the  effluent  (10  to  12  ml.)  collected  in  a  graduated  centrifuge  tube,  four  or  five  portions 
of  distilled  water  bidng  used  to  wash  the  column  after  the  sample  had  run  in.  This  pro¬ 
cedure  was  adequate  to  recover  in  the  effluent  all  the  heme-colored  material  which  had 
been  placed  on  the  column.  Pa.ssage  of  dilute  labelled  iodide  solutions  through  the  col¬ 
umn  resulted  in  retention  by  the  column  of  more  than  99%  of  the  I'®'. 

Hemoglobin  was  determined  by  the  spectrophotometric  cyanmethemoglobin  method 
(6)  and  in  some  cases  by  iron  determination.  Methemoglobin  was  determined  by  the 
method  of  Heilmeyer  (7)  and  of  Evelyn  and  Malloy  (8).  Hemin  in  acetone-HCl  solu¬ 
tion  was  estimated  spectrophotometrically  from  the  extinction  coefficients  of  Lewis 
(9).  Iron  was  determined  by  the  method  of  Lorber  (10)  as  modified  by  Paul  (11). 

Paper  electrophoresis  was  carried  out  between  horizontal  glass  plates  on  Whatman  3 
MM  paper  (12).  Paper  chromatograms  were  made  by  the  ascending  method,  butanol- 
acetic  acid-water  and  butanol-ammonia-ethanol  being  used  as  solvents  (13).  Radioauto¬ 
graphs  were  prepared  from  paper  electrophoretograms  and  chromatograms  as  previously 
described  (14). 
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Table  1.  TCA-l'RErII>ITABLE  I'"  IX  HEMCKiLOBIX-IOUIDE  SOLITIOX 

Solutions  (1.1  ml.)  contiiinin^  hemoi.'lohin  (1.44  /nM/iwl-).  <"irrier-free  Na  I*’*  ami  the 
substances  shown  were  treated  with  T('.\,  and  the  fraction  of  I”'  precipitated  determined. 


Test  suhstance  (M/L) 

Per  cent  of  I”* 

TCA  precipitate 

Control 

50.0 

Perchlorate  (.01) 

50.0 

Thiocvanate  (.01) 

0.0 

Cvanule  (.02) 

24.5 

Thiosulfate  (.005) 

4.2 

Sulfate  (.1) 

52.0 

Ferrocyanide  (.001) 

7 .5 

When  carrier-free  Xa  was  added  to  hemoglobin  solutions  and  the 
proteins  precipitated  by  TCA,  an  appreciable  portion  of  the  present 
was  found  in  the  protein  precipitate.  The  presence  of  reducing  agents 
(thiosulfate,  thiourea,  ferrocyanide)  and  of  thiocyanate  added  to  the  sys¬ 
tem  prior  to  precipitation  greatly  decreased  the  proportion  of  bound 
to  protein,  while  perchlorate  and  cyanide  had  little  effect  (Table  1).  Bind¬ 
ing  of  P*‘  to  the  proteins  seemed  to  depend  upon  acid  conditions  since  pas¬ 
sage  of  neutral  hemoglobin-iodide  solutions  through  anion  exchange  col¬ 
umns  yielded  virtually  no  P*‘  in  the  effluent  while  prior  acidification  (O.IX 
acetic  or  hydrochloric  acid)  of  the  iodide-containing  hemoglobin  solution 
resulted  in  emergence  of  a  considerable  quantity  of  P®^  from  the  column 
with  the  proteins.  The  importance  of  acid  in  the  binding  was  also  shown  in 
the  experiments  summarized  in  Table  2.  Five  ml.  aliquots  of  hemoglobin 
containing  carrier-free  Xa  P'^‘  (0.18  nc.)  were  placed  in  cellophane  dialysis 
bags  which  were  then  immersed  in  oO  ml.  buffer  at  pH  6.8  or  in  O.IX  acetic 
acid;  the  systems  were  kept  at  4’  C  with  occasional  shaking  for  72  hours, 
and  at  this  time  the  bag  contents/ medium  concentration  ratio  of  P®*  was 
1.49  in  the  neutral  medium,  while  the  corresponding  value  at  acid  pH  was 
8.4.  The  values  for  serum  and  for  saline  were  1.96  and  1.04  respectively. 
The  increa.sed  volume  of  the  bag  contents  in  experiment  2  (column  III) 
suggested  that  an  increase  in  the  number  of  non-diffusible  molecules  had 
occurred,  perhaps  attributable  in  part  to  the  cleavage  of  the  hematin  from 
the  protein.  Since  60%  of  the  P®*  within  the  bag  was  TCA-precipitable  in 
the  case  of  hemoglobin  at  acid  pH,  while  only  4%  of  the  P®*  in  the  serum 

Table  2.  Equilibru  m  dialysis  ok  hemoglobin-iodide  mixtures 


I  1 

n 

III  1 

Bag  ] 

IV 

Medium 

V 

BaR 

VI 
BaR  I 

in 

BaR  (5  ml.) 

1  Medium  (50  ml.) 

Vol¬ 

ume 

(ml.) 

pai 

(c.  m./ 
ml.) 

Vol¬ 

ume 

(ml.) 

(c. /m. 
ml.) 

concen¬ 

tration 

ratio 

jin 

% 

%  of  TC.\ 
total  precip- 
itable 

1  HbOj  (4%  in  water,  I‘**) 

1  .05M  P  buffer,  pH  6.8 

8 

45.15 

47 

.3035 

1.49 

20.2 

25 

J  HbOl  (4%  in  water,  I***) 

j  .ION  acetic  acid 

20 

7475 

!  35 

889 

1  8.4 

82.9 

60 

d  Normal  fteriiin 

'  .()5.M  P  buffer,  pH  6.8 

1  7 

5785 

48 

2945 

i  1.96 

22.3 

4 

(1:1  in  water,  I***) 

4  0.9%  saline 

.05M  P  Duffer,  pH  6.8 

1  ^ 

3240 

1  50 

31,30 

1.04 

9.4 

0 

S(> 
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hag  was  precipitahle,  it  seemed  that  the  eoiieeiitiation  gradient  in  the 
aeid-l>enioglol)in  system  was  not  one  predominantly  involving  iodide. 

Since  these  results  suggested  that  the  TCA-preeipitahility  of  iodide  in 
hemoglobin  solutions  depended  upon  the  acidic  character  of  the  protein 
precipitant  rather  than  upon  a  hemoglobin-iodide  interaction  prior  to  pre¬ 
cipitation,  the  remainder  of  the  study  was  concerned  with  the  characteri¬ 
zation  of  the  heme-protein  iodide  interaction  at  acid  pll. 

A,  Iodide  coHcentmtioH.  The  effect  of  varying  the  concentration  of  iodide 
upon  the  TCA  precipitability  of  the  iodine  was  stiulied  in  acidified  mix¬ 
tures  of  hemoglobin  and  iodide.  In  order  to  make  the  conditions  of  expo¬ 
sure  to  acid  solutions  more  reproducible,  the  solutions  were  made  up  to  be 
.0.)X  in  IICI  before  TCA  precipitation.  Figure  1  shows  the  results  of  such 
an  experiment,  the  hemoglobin  concentration  being  maintained  constant. 


Fig.  1.  Ejhct  of  iodide  coneentrntion  upon  iodine  preeipilnbiliti/. 

Potassium  iodide  in  amounts  ranniug  from  0  to  were  adtled  to  1  ml.  jiortions 

of  aijucous  solutions  coutaiuiun  4.0  /xM  hemoslohin  and  0.1.5  pe.  1'®',  the  final  volume 
heinK  2  ml.;  2  ml.  0.  IX  HC'l  was  then  addl'd,  and  after  10  minutes  at  room  tc'inpi'rature 
the  proteins  were  jireeijiitated  by  10%  TC.\  and  the  preeijiitahle  I'’*  determined.  The 
eoneentration  of  iodide  was  ealeulated  from  the  amount  jjresent  in  4  ml.  volume. 

The  unhroki'u  line  ri'pri'sents  tin*  pi'roi'iita^e  of  the  P’*  present  whieh  was  iireeij)!- 
tated  with  jirotein;  the  broken  line  indicates  the  (piantity  of  iodine  precipitated  (ealeu¬ 
lated  from  tlu'  known  spi'eifie  activity  of  iodide  in  the  systc'in).  Xote  change  in  abscissa 
scale. 
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The  proportion  of  the  which  became  protein-l)oun(l  varied  from  od% 
in  the  absence  of  added  carrier  to  less  than  1%  at  tlie  liighest  iodide  con¬ 
centration.  However,  despite  the  progressive  reduction  in  the  proportion 
of  iodine  bound,  the  (luantity  of  iodide’-'  bound  increased  progressively  as 
the  concentration  of  stable  iodide  rose;  thus,  at  iodide  concentration  of 
l).002o  iiih  0.004 1  /uM  iodine  was  protein-bound,  while  at  iodide  con¬ 
centration  2.0  nil-  O.Ot)  (xM  was  bound. 

H.  Hemoglobin  concentration.  The  effect  of  varying  the  concentration  of 
hemoglobin  upon  the  TCA  precipitability  of  iodide  in  the  solution  under 
conditions  of  constant  iodide  concentration  was  studied,  and  the  results 
.ippear  in  Figure  2,  which  indicates  the  proportion  of  the  iodide  precipit- 
;d)le  as  the  concentration  of  hemoglobin  ranged  between  0.007  and  1.4 
mM  ml.,  at  two  concentrations  of  iodide  (B  and  C)  and  also  in  the  absence 
of  added  carrier  iodide  (A).  The  general  shape  of  these  curves  was  similar 
to  that  of  Figure  1.  At  each  level  of  iodide  concentration  the  proportion  of 
the  total  iodide  which  was  bound  increased  with  increasing  hemoglobin 
concentration.  Although  the  fraction  of  the  iodide  bound  increased  pro- 
gre.ssively  as  the  concentration  of  hemoglobin  rose,  the  efficiency  of  the 
process  tended  to  decrease  .since  the  highest  values  for  the  molar  ratios  of 
iodine  bound  hemoglobin  present  were  observed  at  the  lowest  concentra¬ 
tions  of  hemoglobin.  Thus,  (curve  B,  iodide  concentration  .001  ml.,) 

at  hemoglobin  concentration  .007  mM  ml.  the  molar  ratio  of  iodine  bound 
/hemoglobin  present  was  .OOdl  while  at  hemoglobin  concentration  0.7 
juM  ml.,  this  ratio  was  .000o2.  As  was  also  seen  in  Figure  1,  at  a  given 
hemoglobin  concentration  a  greater  fraction  of  the  iodide  was  precipitable 
in  the  more  dilute  iodide  colutions,  and  the  relative  positions  of  curves  B' 
and  C'  confirmed  the  finding  that  higher  iodide  concenfration  yielded  larg¬ 
er  (piantities  of  bound  iodine.  For  example,  a  ten-fold  increase  of  iodide 
concentration  increased  the  value  for  the  number  of  moles  of  iodine  bound 
per  mole  hemoglobin  present  at  .007  fJ.'Sl  hemoglobin  ml.  from  .OOdl  to 
.0120. 

C.  Presence  of  other  anions.  The  nature  and  (piantity  of  certain  anions 
in  the  hemoglobin-iodide  solution  may  modify  the  proportion  of  iodide 
which  is  precipitable.  This  was  suggested  by  the  observation  that  if  herno- 
glol)in-I'®'  solutions  were  treated  with  ecpiivalent  concentrations  of  differ¬ 
ent  acids  prior  to  precipitation  with  TCA,  the  percentage  of  I'*'  precipit¬ 
able  was  not  the  same  in  each  case.  For  example,  pre-treatment  of  identical 
aliquots  of  solutions  containing  hemoglobin  and  labelled  iodide  with  O.IX 
acetic,  hydrochloric,  sulfuric  and  phosphoric  acids  resulted  in  the  precipi¬ 
tation  of  54,  dO,  42  and  42%  of  the  I'^',  respectively,  while  these  values 
were  42  and  2(5%,  respectively,  when  IX  acetic  and  IX  hydrochloric  acid 
\\ere  used.  Pre-treat  merit  of  hemoglobin  solutions  with  sodium  chloride- 
liydi-ochloric  acid  mixtures  of  the  same  pH  but  vaiwing  ionic  sti-ength  also 
suggested  an  inhibitory  effect  of  the  chloride  ioi'. 
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Fig.  2.  EJTect  of  hemoglobin  concentration  upon  iodine  precipitability. 

IncroasiiiK  uniounts  of  homoKlobin  ranging  from  0.035  to  7.5  /xM  wore  added  to  test 
tubes  eontaining  tiie  same  quantity  of  labelU'd  iodide.  Three  jiarallel  e.xperiments  an- 
shown;  tubes  of  series  k  eontained  no  added  earner  ioiiide,  tufies  of  series  B  contained 
.005,  and  of  series  C  .05  pM  Kf^’  resiieetively.  The  total  volume  of  solution  was  2.5  ml. 
To  each  tube  2.5  ml.  0.1  N  HCl  was  then  added;  one  hour  later  the  proteins  were  pre- 
eiiiitated  by  10%  TC.\  and  preeijutable  1'*'  determined.  The  concentrations  of  iodide 
and  of  hemoglobin  are  calculated  from  the  quantities  present  in  5  ml.  volume. 

The  percentage  of  the  total  bound  to  jjrotein  is  shown  in  the  unbroken  lines  (left 
ordinate),  and  the  values  for  the  moles  of  iodine  precipitable  per  mole  of  oxyhemo¬ 
globin  present  are  shown  in  the  broken  lines  (right  ordinate),  the  values  in  B'  and  C 
being  calculated  from  the  known  specific  activities  in  the  corresponding  series  B  and  C. 


The  comparative  effect.s  of  tlie  presence  of  chloride,  bromide,  fluoride, 
thiocyanate  and  iodide  on  the  binding  of  iodine  are  shown  in  Figure  8. 
These  ions  were  added  as  sodium  salts  to  solutions  of  hemoglobin  and 
labelled  iodide  which  were  then  made  .OoX  in  HCl  and  the  proteins  pre¬ 
cipitated  with  TCA.  Under  the  conditions  of  the  experiment  fluoride  and 
chloride  had  little  effect  while  the  pre.sence  of  bromide  caused  a  fall  in  the 
proportion  of  I'^‘  precipitable  with  protein;  at  a  bromide  concentration  ot 
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Fig.  3.  I'JjTed  of  added  halides  on  precipitabilitij  of  /'■*'. 

Left  panel.  To  a  series  of  tubes  eontainins  4.0  p^l  HbO>  and  0.05  pM  K1  labelled 
with  P’*  were'  added  fluoridi*,  bromide,  ehloride,  thioeyanate,  and  iodide,  in  amounts  of 
0.5,  5.0,  and  50.0  juM  as  .sodium  salts,  the  final  volume  being  2.0  ml.  2.0  ml.  O.IX  IK'l 
was  tlum  added  to  eaeh  tube,  and  after  30  minutes  at  room  temperature,  TC.\  jireeipi- 
tation  was  jierformed.  The  percentage  of  the  total  1'^*  |)n>eipitat(‘d  is  shown. 

Right  jianel.  E.xjieriment  similar  to  .\,  but  the  eoneemtration  of  HbOj  was  smaller. 
O.IX  H'jSO)  was  used  in  jdaee  of  0.1  X"  HCl,  and  the  eoneentrati!)n  of  ehloride  was 
varied  from  0  to  125  ml. 

12.5  jtiM  ml.  only  one-third  a.s  much  iodide  was  precipitahle  as  in  the  ab¬ 
sence  of  bromide.  The  inhibitory  effect  of  added  chloride  (which  had  prob¬ 
ably  been  masked  by  the  IiIkIi  chloride  concentration  resulting  from  the 
u.se  of  hydrochloric  acid  as  the  acidifying  agent)  is  apparent  in  the  right 
panel  of  Figure  8,  where  sulfuric  acid  was  used  in  place  of  hydrochloiic, 
and  a  chloride  concentration  of  12.5  nil.  appreciablj’  reduced  iodine 
binding.  The  great  inhibitory  effect  of  thiocyanate  upon  I‘*‘  precipitaiiility 
is  shown  in  Figure  8;  the  binding  of  iodine  was  reduced  to  80,  S  and  2%  of 
control  values  by  the  three  concentrations  of  thiocyanate  tested.  The  in¬ 
hibitory  effect  of  thiocyanate  is  comparable  in  magnitude  to  that  of  iodide 
it.self  on  the  protein-binding  of  I'*',  although  the  iodide  ion  appeared  some¬ 
what  more  effective.  Comparison  of  the  effects  of  bromide  and  iodide  indi- 
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cated  that  iodide  contamination  of  l)romide  did  not  account  for  the  in- 
hihitory  effects  of  the  latter;  since  12.o  /xM  ml.  of  l)romide  yielded  a  value 
for  precipitable  similar  to  that  encountered  at  0.125  /xM  ml.  of  added 
iodide,  1%  iodide  contamination  of  bromide  would  have  been  required  to 
account  for  the  effects  on  this  basis. 

The  inhibitory  effect  of  thiocyanate  depended  not  only  upon  its  concen¬ 
tration  but  also  upon  the  concentration  of  hemoglobin.  This  was  shown  in 
a  study  of  the  effect  of  thiocyanate  upon  the  TC.\  precipitability  of 
in  two  hemoglobin-Xa  (carrier-free)  .systems,  the  first  containing 
1.5  Mju  HbOo  ml.  and  the  .second  0.15  iid.  In  the  more  concentrated 
hemoglobin  solution,  inhibition  was  found  to  be  10,  25  and  70%  at  thiocya¬ 
nate  concentrations  of  10  \  10~®,  and  10~-  M  respectively,  while  the  cor¬ 
responding  values  in  the  more  dilute  solution  were  43%,  5S%,  and  84%; 
per  cent  inhibition  was  defined  as  lOOX  (1  —  %I‘'^‘  precipitated  in  presence 
of  thiocyanate  %!***  precipitated  in  absence  of  thiocyanate). 

1).  Ejfect  of  other  heme  compounds.  Comparison  of  iodine  binding  by 
some  heme  proteins  and  by  hemin  indicated  that  oxyhemoglobin  was  by 
far  the  most  effective  .substance  tested.  Table  3  indicates  the  effects  of 
hematin,  oxyhemoglobin  and  methemoglobin  in  equimolar  concentration 
in  producing  TCA  insolubility  of  iodide,  under  various  conditions.  An 
appreciable  fraction  of  the  I*®'  was  precipitated  with  hematin  only  in  the 
ab.sence  of  carrier  iodide;  the  addition  of  globin  to  hemin  prior  to  dissolving 
in  dilute  XaOH  did  not  increase  the  proportion  of  bound.  Thiocyanate, 
thiourea  and  dithionite  are  seen  to  have  exerted  some  inhibitory  effect  on 
the  carrier-free  Xa  I‘*'-hematin  system.  Methemoglobin  was  quite  ineffec¬ 
tive  in  binding  iodine  in  acid  .solution;  it  is  po.ssible  that  the  slightly  higher 
percentage  of  bound  in  the  presence  of  dithionite  than  in  the  control 
may  have  been  due  to  oxygenation  of  reduced  hemoglobin.  The  ineffective¬ 
ness  of  methemoglobin  was  also  apparent  in  experiments  similar  to  those  in 
Figure  2,  in  which  mixtures  of  oxyhemoglobin  and  methemoglobin  pre¬ 
pared  by  auto-oxidation  of  the  former,  were  u.sed  at  various  concentrations 

T.\B1.E  '.i.  TC.\-PRECIPIT.\BI.E  I*’*  IX  SOLCTIOXS  OK  HEMATIN,  Hl)()o,  MetHll 

The  test  .siih.stiiiiees  were  added  to  solutions  of  carrier-free  \a  I'”  (‘oiitaining  the  desig¬ 
nated  (juantities  of  heme  compounds,  HCl  was  added  to  a  final  volume  of  2.5  ml.  and  con¬ 
centration  of  .05  N,  and  TC.\-preeipital»le  I*”  determined.  Hematin  solution  was  prepared 
just  before  use  by  dissolving  reerystallized  hemin  in  3.1  eipiivalents  of  XaOH.  MetHb  solu¬ 
tion  was  a  well-dialyzed  sample  of  ferricyanide-treated  hemoglobin. 


Substance  added  (mM) 

Hematin, 

3.45  mM 

Oxyhemoglobin,  | 
1  ■  3.45  mM 

Methemoglobin, 
3.45  mM 

%  of  H”  T().4-preeipitable 

(,’ontrol 

8.0 

50.8 

0.0 

KI 

0.01  1 

1 .0 

40.0 

0.5 

KI 

0.10 

1 .0 

15.2 

0.4 

Kl 

1  .00 

1  .0 

3.1 

0.4 

XaSCX 

1  .0 

2.7 

7.1 

0.4 

Thiourea 

1  .0 

0.7 

1  30.0 

0.5 

Xa;S,.(  b 

(excess) 

0.5 

0.0 

1.3 
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curve  expressing  the  relationsliip  between 
the  fraction  of  I*'”  bound  and  the  III)!).,  concentration  of  the  mixture  was 
very  similar  to  that  found  in  solutions  of  oxyhemoglobin  alone.  As  indi¬ 
cated  in  Table  1,  ferrocyanide  was  found  to  exert  a  considerable  inhibitory 
effect  on  the  binding;  it  was  therefore  essential  that  solutions  of  met  hemo¬ 
globin  prepared  by  the  ferricyanide  method  be  dialyzed  very  thoroughly  to 
ensure  the  absence  of  both  ferri-  and  ferro-cyanide  from  the  system  before 
using  the  methemoglobin  in  experiments  on  iodine  binding,  particularly 
where  the  effect  of  the  methemoglobin  on  binding  by  oxyhemoglobin- 
containing  solutions  was  studied. 

Figure  4A  compares  equimolar  concentrations  of  oxyhemoglobin,  re¬ 
duced  hemoglobin  and  carboxyhemoglobin  with  respect  to  iodine  precipita- 
bility,  and  shows  the  greater  proportion  bound  by  oxyhemoglobin.  To 
demonstrate  the  decreased  effectiveness  of  reduced  hemoglobin  in  this  sys¬ 
tem  it  was  found  necessary  to  equilibrate  with  nitrogen  for  10  to  lo  minutes 
aiul  to  exclude  air  from  the  system  with  great  care. 

In  Figure  4B  is  shown  the  difference  in  results  observed  when  acid  was 
added  to  the  oxyhemoglobin  solution  after,  as  compared  with  10  minutes 
before,  the  addition  of  iodide  to  the  system,  the  chloride  and  HCl  con¬ 
centration  being  the  same  in  the  two  cases;  the  experiment  indicated  again 
that  conversion  of  oxyhemoglobin  to  acid  hematin  in  the  presence  of  iodide 
led  to  considerable  binding  of  iodine  while  little  bound  iodine  resulted  from 
the  re-acidification  in  iodide  solution  of  the  neutralized  acid  hematin 
formed  in  the  absence  of  iodide. 

F.  Iodine  in  globin  and  in  hcmin.  In  order  to  determine  whether  the 
bound  iodine  in  the  oxyhemoglobin-iodide-HCl  system  was  in  the  porphy¬ 
rin  or  in  the  globin  fraction,  the  acid-acetone  procedure  was  used  as  illus¬ 
trated  in  Figure  5.  The  fractions  were  designated  as  follows:  original  solu¬ 
tion  of  Hb02-iodide‘^*-HCl,  A;  the  anion-exchange  column  effluent,  B;  the 
washed  acetone  precipitate  derived  from  acetone  treatment  of  the  column 
effluent,  (1;  the  acetone  supernatant,  F;  and  the  hemin  derived  from  the 
latter,  II.  The  results  of  14  experiments  .such  as  shown  in  Figure  5  are 
summarized  in  Table  4.  The.se  experiments  were  made  under  a  variety  of 
conditions  of  temperature,  time  and  concentration  of  reactants.  In  10 
experiments  in  which  iodide  carrier  was  u.sed,  between  22  and  (50%  of  the 
iodine  in  A  was  not  adsorbed  by  the  column  (and  hence  was  presumably 
not  iodide)  and  appeared  in  B;  the  values  for  the  TCA-precipitable  I’'”  in 
the  A  solutions  in  general  were  slightly  less  than  those  for  the  I'-'"  not  re¬ 
tained  by  the  column.  An  average  value  of  33%  (range  29-43)  of  thel'** 
emerging  from  the  column  was  accounted  for  in  the  globin  precipitate. 

The  globin  precipitate,  G,  could  be  redissolved  in  water  and  reprecipi¬ 
tated  by  acetone-HCl  with  relatively  small  losses  of  radioactivity.  For 
example,  in  one  experiment  three  equal  aliquots  of  the  column  effluent,  B, 
were  subjected  to  the  acid-acetone  procedure  and  acetone-washed  fraction 
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[Fig.  4.  TCA  precipitnble  /*”  in  heme  protein  xolutiom^. 

A.  .\ir,  nitroficn.  and  carbon  monoxide  were  buldded  into  solutions  eontaining  0.32 
/i.M  HbO...  0.1S2mM  labelled  K1  and  3  drops  octyl  alcohol  in  4  ml.  volume.  After  10  min- 
uti's  and  while  gas  flow  continued,  2  ml.  0.1  ml.  IN  HCl  was  injected  into  each  solution 
via  a  rubber  tube  and  then  TC.V  jireeipitation  was  pc'rformed. 

H.  “.\eid  hematin”  was  prejiared  by  adding  0.1  ml.  IX  HCl  to  1  ml.  HbO-..  .solution 
(4.2  p.M)  and  allowing  it  to  stand  10  minutes  at  room  temperature.  .Vfter  neutralization 
of  the  mixture  with  0.13  ml.  IX  XaOH,  0.01  pM  labelled  Ki  was  added,  the  solution 
again  imule  0.1  X  in  HCl  and  after  10  minutes,  TC.V  |)reei|)itation  was  done.  The  HbOj 
control  was  treatc'd  in  the  same  way,  except  that  0.1  ml.  IX  XaC'l  was  used  instead  of 
IX  HCl,  and  water  instead  of  XaOH. 

(J  prepared  from  each;  analysis  of  one  sample  was  made  directly,  another 
after  dissolving  the  precipitate  and  re-precipitating,  and  of  the  third  after 
di.ssolving  and  reprecipitating  twice;  the  once,  twice  and  thrice  precipi¬ 
tated  glohin  fractions  contained  39,(),  35.0  and  32.4%  of  the  I'®'  in  the  col¬ 
umn  effluent,  respectively,  while  the  corresponding  iron  values  were  14.9, 
13.0,  and  13.0%  of  B. 

In  (>  experiments  in  which  hemin  was  prepared  from  the  acetone  filtrate 
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^  Hb02  (12.6  ^lM),  KI  (.076  jiM)  in  0.  IN  HCl  (4  ml) 

Amberlite  IRA-400  (acetate) 

60  X  8  mm 


B  Effluent  (I  40.  4%  of  A) 
(Fe  100%  "  ) 

1 0  volumes 
acetone  -  HCl 


supernatant  F 


.  01  volume 
2N  NaAc 


H  "hemin"  filtrate 

precipitate 
(HAc-washed) 

Fig.  5.  l)istril)iiti<m  of  iodiiic  and  iron  in  aca'tono-solnlilc  aiul  insolnl)lc' 
fractions  of  acidified  oxyhcinoi^loliin. 


precipitate 
G  "globin'* 
(acetone- 
washed) 


I  Fe  I/Fe  j 

(%  of  B)  (mM/M) 


B 

100 

100 

2. 

44 

G 

43.4 

16.6 

6. 

34 

F 

56.  6 

83.4 

1. 

65 

H 

26.6 

58 

1. 

11 

the  washed,  isolated  (hut  not  reerystallized)  hemin  aceoimted  for  42.2% 
(range  25-57)  of  tlie  I''’*  in  F. 

The  presence  of  reducing  agents  (tliiourea,  ascorbic  acid)  in  solution  A 
prior  to  acidification  re.sulted  in  almost  complete  removal  of  by  the 
resin  column,  .so  that  little  F*‘  appeared  in  B,  a  re.sult  comparable  to  the 
diminution  in  the  fraction  of  iodine  precipitable  by  TCA  under  .similar 
circumstances.  In  an  experiment  identical  with  experiment  4  in  Table  4, 
except  that  thiourea  40  «M  ml.  was  pre.sent  in  the  IIb()2-iodide  solution 
liefore  acidification,  only  .4.2%  of  the  in  A  appeared  in  B,  and  (1  con¬ 
tained  only  4.4%  of  the  Bal  in  B,  in  contra.st  to  corresponding  values  of  22 
and  29%  in  the  absence  of  thiourea. 

The  “globin’’  ((J)  prepared  by  the  procedure  described  had  a  brownish 
color,  and  its  concentrated  solutions  were  yellow;  in  alkaline  .solution  and 
in  the  pre.sence  of  a  reducing  agent  (dithionite),  the  absorption  spectrum 
of  (1  was  similar  to  that  of  globin  hemochromogen  but  the  maxima  were 
shifted  4-5  ni/u  toward  the  shorter  wavelengths  (maxima  at  .554  and  ,524 
niju);  the  material  exhibited  peroxidase  activity  by  the  benzidine  test;  and 
when  (J  was  prepared  from  hemoglobin  solution  to  which  a  reducing  agent 
had  been  added  prior  to  acidification,  and  binding  of  iodine  had  been 
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Table  4.  Iodine  and  iron  in  “globin’’  prepared  from  resin-treated 

ACID  SOLITIONS  OF  OXYHEMOGLOBIN  AND  IODIDE 


A,  B,  and  G  refer  to  the  fraetions  so  designatial  in  P'igure  4. 


in 

I*®'  in  j 

Expt. 

Hho,  ! 

i 

KI 

HCl  i 

column 

effluent 

“globin’’ 

(G) 

gloi)in 

jui 

m-M 

/ml. 

m-M  /ml. 

•M  / 1. 

{%  of  A) 

(%  of  B) 

(%  of  B) 

1 

\o 

0 

.010 

0.1 

40 

4:{ 

17 

2.. 5:5 

2 _ j 

i 

0 

.018 

0.1  i 

:io 

20 

10 

1  .81 

i 

,.58  ’ 

0 

.010  1 

0.05 

:i:i  1 

:{0 

14 

2.. 57 

4  ! 

.0  j 

0 

.010  ! 

0.0.55 

20 

18 

1  .01 

.">  1 

5 

M  i 

0 

.011  ' 

0.00  i 

28 

20 

— 

— 

(i 

.  1 

0 

.02 

0.10 

22 

:ii 

12  1 

2.. 58 

i 

2_ 

.:{2 

0 

.00:i 

0.00 

iio  1 

27 

—  ! 

_ 

8 

»> 

.  7 

0 

.004 

0.17 

24 

:io 

11  1 

2.7:} 

2 

.0 

0 

.0044 

0.05 

:i8 

41 

10  i 

2.. 50 

10 

i  2 

2 

0 

.(M)5 

0.00 

!  00 

:45 

— 

— 

lui/Fe 

i 

av.:  Xi 

av.:  14.0 

=  2.:}4av. 

11 

2 

.20 

1  no 

carrier 

.  0.05 

50 

:i4 

i  — 

1  - 

12 

.s 

.05 

'  no 

carrier 

1  0.10 

00 

42 

— 

i:{ 

!  2 

.0 

no 

carrier 

i  0.10 

78 

44 

;  18 

j  2.44 

14 

2 

.6;i 

1  no 

carrier 

0.10 

70 

45 

'  10 

1  2.:}o 

! 

P’VFc 

1 

jav.:  41  M 

lav.:  18.5 

j  =2.40  av. 

*  I'’‘/Fe 


in  G(%  of  H) 
Fe  in  Ci{%  of  B) 


largely  prevented,  the  aeetone  preeipitate  was  mueh  lighter  in  eolor.  Sinee 
heniin  (ferriheme  ehloride)  ean  he  readily  eon  verted  to  iodohemin  (i.e.  fer- 
riheme  iodide)  (15),  and  sinee  it  has  been  elaimed  (9,  10)  that  aeidifieation 
of  oxyhemoglobin  and  subsequent  extraction  with  aeetone  or  ether  liber¬ 
ates  only  part  of  the  hemin  from  the  protein  unless  a  reducing  agent  is 
present,  the  possibility  was  considered,  in  view  of  the  aforementioned  ob¬ 
servations  suggesting  that  the  “globin’’  was  not  free  of  hematin,  that  the 
I'®'  in  the  globin  fraction  was  actually  bound  to  hematin  not  separated  from 
the  globin  by  the  aeid-aeetone  procedure,  particularly  since  some  I*®'  was 
foiuul  in  the  hemin  isolated  from  the  aeetone  soluble  fraction  in  these  ex¬ 
periments.  This  possibility  was  explored  in  two  ways:  (1)  by  determination 
of  iron  in  the  gloliin  preeipitate  as  well  as  in  A  and  B,  and  by  comparison 
of  the  iron  and  iodine  content  of  these  fractions,  and  (2)  by  studying  the 
hemoglobin-iodide'®*  system  at  various  values  of  pH  and  comparing  the 
fraction  of  I'®'  and  of  hemin  in  the  aeetone  soluble  and  insoluble  fraetions. 

(1)  Iron  analysis  indicated  that  usually  all  the  iron  in  A  was  recovered 
in  the  column  effluent  B,  while  an  average  of  14.9%  of  the  effluent  iron  was 
present  in  fraction  (1  (Table  4).  The  iron  analy.ses  were  in  good  general 
agreement  with  speetrophotometrieally  determined  values  for  hemin  in  the 
aeetone  filtrate.  The  value  for  the  fraction  of  I'®'  present  in  (1  was  always 
greater  than  the  corresponding  iron  value,  the  ratio  being  2.3  (Table  4). 
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Since  the  I'®‘  Fe  ratio  was  always  higher  in  the  “globin’’  than  in  the  ace¬ 
tone  supernatant,  in  the  column  effluent,  or  in  the  hemin  (see  insert.  Fig. 
o),  it  seemed  unlikely  that  the  I'®'  bound  to  the  globin  fraction  could  be 
accounted  for  on  the  basis  of  ferriheme  iodide  adherent  to  the  acetone  pre¬ 
cipitate. 

(2)  Parallel  ob.servations  were  made  of  the  effect  of  varying  the  pH  of 
llb()2-I''‘’'-H(M  .solutions  upon  I‘*‘  binding  and  splitting  of  hemin  from  the 
protein.  The.se  experiments  were  modelled  after  tho.se  of  Lewis  (9)  and  the 
re.sults  are  shown  in  Figure  (>.  Solutions  of  IlbO..  and  P'"  of  constant  ionic 
strength  were  maintained  at  pH  values  ranging  from  (>.5  to  2.0  and  aliquots 
of  each  solution  were  used  to  determine  the  fraction  of  the  total  P'^'  bound 
(by  the  anion-exchange  resin  method),  the  fraction  precipitable  by  TCA 
and  by  acetone,  and  the  proportion  of  the  total  hemin  soluble  in  acetone. 
As  the  pH  decreased,  a  larger  fraction  of  the  P®‘  became  bound  (curve  II) 
the  binding  becoming  appreciable  at  pH  4.o  and  continuing  to  ri.se  to  pH 
2.0.  In  general  the  curve  describing  TCA-precipitability  (IV)  paralleled 
curve  II.  The  plateau  of  curve  IV  between  pH  0.5  and  4.8  could  represent 
the  acidifying  effect  of  the  precipitant  it.self.  It  was  of  interest  to  find  that 
maintenance  of  the  solutions  at  pH  4  to  2  with  mineral  acid  resulted  in 
progressively  higher  values  for  the  TCA  precipitable  P'*'  possibly  because 
acidification  with  TCA  alone  may  not  have  permitted  completion  of  the 
reaction  before  the  protein  was  thrown  out  of  solution.  The  curve  repre¬ 
senting  P®'  bound  was  similar  to  that  of  hemin  split  from  the  protein 
(curve  V),  .suggesting  that  the  formation  of  acid  hematin  and  the  binding 
of  iodine  occurred  pari  passu.  However,  below  pH  8.5,  75-90%  of  the  hem¬ 
in  was  split  from  the  protein  while  25-80%  of  the  total  P"”  present  was  in 
the  acetone  precipitate  (curve  I).  When  the  P*'  in  the  acetone  precipitate 
was  expressed  as  a  fraction  of  the  bound  P’*  (curve  III),  it  was  apparent 
that  in  the  pH  range  2-8  45%  of  the  bound  P®*  was  in  the  protein  precipi¬ 
tate,  which  at  most  contained  only  15%  of  the  hemin.  The  increa.se  in 
bound  P®'  despite  achievement  of  a  plateau  for  the  percentage  of  acetone- 
precipitable  P®'  sugge.sted  that  at  the  lower  pH  values  ferriheme  it.self 
bound  iodide,  and  this  view  was  consistent  with  the  finding  that  T('A- 
precipitable  P'"  always  exceeded  the  acetone-preci  pit  able  P'”.  Figure  0  also 
shows  that  the  presence  of  a  reducing  agent  (ascorbic  acid)  (points  marked 
.V)  not  oidy  sharply  decreased  the  binding  of  P^‘  but  also  permitted  (juan- 
titative  cleavage  of  hematin  from  the  acidified  oxyhemoglobin.  The  results 
suggest  that  the  binding  of  P®‘  by  the  heme  protein  paralleled  the  forma¬ 
tion  of  acid  hematin,  but  quantitative  considerations  suggest,  as  do  the 
I  Fe  ratios  in  globin,  that  iodohemin  adherent  to  the  protein  did  not  ac¬ 
count  for  the  P®'  bound  to  globin. 

A  few  ob.servations  have  been  made  concerning  some  of  the  properties 
of  the  bound  iodine  in  the  globin  precipitates  and  column  effluents  of  acidi¬ 
fied  hemoglobin-iodide'**  .solutions.  TCA  precipitation  of  the.se  solutions 
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Fkj.  <>.  Kffeet  of  />//  on  /'■"  bound  to  protein  and  on  separation  of  liemin  from  globin. 
S»)luti<)ns  of  oxyli(Mno{;lol)in  (0.77  /i.M  nil.)  containing  carricr-frcc  Xal***  were  ad- 
justi'd  to  various  pH,  ionic  strengtli  h(*ing  maintained  constant  (.033)  by  appropriate 
Xa('l-H('l  mixtures.  .Vliquots  wt>re  used  to  obtain  the  data  shown.  Curve  I  represents 
the  piTcentage  of  the  total  I'^'  jireeipitable  by  acetone  at  each  pH,  curve  II  the  percent¬ 
age  not  adsorbed  by  anion-exchange  resin,  curve  IV  the  percentage  precipitable  by  TC.V. 
Curve  III  is  derived  from  I  and  II  and  indicates  the  fraction  of  bound  I'®‘  present  in  the 
acetone  precipitate.  Curve  V  (upper  jianel)  shows  the  jiercentage  of  the  total  hemin 
which  was  present  in  the  acetone  solutions. 

’rh(‘  points  marked  .\  are  values  for  a  solution  to  which  ascorbic  acid  was  added  prior 
to  acidification  to  pH  2.00. 
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sliowed  70-S0%  of  tlie  I''*'  in  both  B  and  (i  to  he  preeipitable  and  similar 
values  were  found  on  permitting  B  and  (1  to  pass  through  anion-exehanse 
columns,  70-80%  of  the  I'*'  present  emerginp;  from  the  column.  Dialysis  of 
solutions  of  the  labelled  acetone  precipitate  (within  the  bag)  against  10 
volumes  of  distilled  water  resulted  in  bag  medium  I'®'  concentration  ratios 
of  15  to  25.  After  prolonged  dialysis  of  labelled  G  solutions  the  P'”  within 
the  bag  was  still  not  completely  TCA  preeipitable.  The.se  results  suggested 
some  instability  in  neutral  and  acid  solutions  of  the  linkage  by  which  iodine 
was  bound  to  protein. 

The  addition  of  large  (luantities  of  iodide,  thiocyanate  or  reducing  sub¬ 
stances  to  labelled  B  or  G  solutions  did  not  change  the  proportion  of  I'-** 
that  was  TCA-precipitable.  A  brief  exposure  to  ().5X  XaOH,  at  room  tem¬ 
perature,  however,  decreased  the  percentage  of  P*'  preeipitable  by  TCA 
or  not  retained  by  anion-exchange  columns  to  10-20%  of  the  values  prior 
to  XaOII  exposure. 

Chromatographic  studies  of  B  and  G  after  pancreatic  enzyme  hydrolysis 
failed  to  reveal  the  presence  of  labelled  mono-  or  diiodotyrosine,  thyroxine 
or  triiodothyronine.  Chromatograms  (butanol-acetic  acid-water)  of  un¬ 
hydrolyzed  B  showed  a  benzidine-positive,  brown  spot  near  the  solvent 
front  which  contained  P®‘  and  this  was  tentatively  identified  as  hemin; 
most  of  the  radioactivity  and  pigmented  material  remained  at  the  origin, 
but  a  faint  radioactive  zone  in  the  iodide  region  was  also  u.sually  detectable. 
Paper  electrophoresis  of  G  at  pH  5.5  for  two  hours  revealed  most  of  the 
P'"  to  be  at  the  origin,  as  was  the  protein  but  some  P*'  had  the  mobility 
of  iodide.  Pre-treatment  of  G  with  strong  alkali  and  partial  neutralization 
prior  to  electrophoresis  resulted  in  intensification  of  the  iodide  zone  and 
considerable  diminution  of  the  activity  at  the  origin.  More  prolonged  elec¬ 
trophoresis  at  acid  pH  (18  hours)  resulted  in  a  long  cathode-migrating 
smear  in  which  protein  (l)urrum  reagent),  peroxida.se  activity  (benzidine) 
and  radioactivity  were  superimpo.sable.  In  general,  the  chromatographic 
and  electrophoretic  results  confirmed  the  impre.ssion  gained  from  other 
experiments  that  the  P'”  was  pre.sent  in  both  hemin  and  globin,  and  that 
alkali  released  iodide  from  the  bound  form. 

DISCUSSION 

The.se  experiments  indicate  that  appreciable  (piantities  of  iodine  may 
become  bound  i.e.  may  no  longer  behave  as  inorganic  iodide,  as  judged 
by  TCA-precipitability,  dialyzability  and  behavior  toward  anion-exchange 
resins — when  iodide-containing  solutions  of  oxyhemoglobin  are  acidified. 
The  iodine  was  found  in  both  the  protein  and  the  hemin,  the  proportion 
and  amount  varying  with  conditions  of  pH,  concentrations  of  reactants, 
ionic  strength,  and  other  factors.  Although  .some  hemin  or  a  hemin  deriva¬ 
tive  was  present  in  the  globin  fraction  prepared  under  conditions  leading 
!  to  iodine  binding,  quantitative  considerations  failed  to  support  the  idea 
j  that  all  the  protein-bound  iodine  was  iodohemin.  Using  the  observations 

! 

\ 

\ _ 


9S 


ROSENBERG 


Volume  (!/f 


that  tlie  “glohin”  contained,  on  the  average,  2.3  times  as  much  of  the  total 
hound  iodine  as  of  the  iron  in  the  acid-iodide-oxyhemoglobin  system,  that 
15%  of  the  total  hemin  was  retained  in  the  “globin,”  that  only  80%  of  the 
I'*'  in  (J  was  TCA  precipitable,  and  assuming  that  all  the  in  the  acetone 
filtrate  was  hemin-I*®',  one  may  calculate  that  only  45%  of  the  globin  io¬ 
dine  could  be  accounted  for  as  iodohemin.  This  calculation  is  based  on  the 
assumption  that  all  the  heme  molecules  in  hemoglobin  are  ecpial  in  their 
iodine-combining  capacity.  There  is  some  evidence  that  one  of  the  hemes 
in  methemoglobin  may  be  dissimilar  to  its  fellows  in  its  behavior  toward 
acid  cleavage  (9),  and  it  is  perhaps  possible  that  the  hemin  firmly  bound 
to  the  globin  could  have  a  larger  iodine  iron  ratio  than  existed  in  the  hem¬ 
in  that  was  extractable  by  acetone. 

The  effect  of  bromide  chloride  and  particularly  of  thiocyanate  in  de¬ 
creasing  the  binding  of  iodine  could  in  part  be  related  to  competition  be¬ 
tween  these  anions  and  iodide  for  the  formation  of  halide  derivatives  of 
hematin,  but  the  ob.servation  that  only  a  fraction  of  the  bound  iodine  was 
accounted  for  as  iodohemin  suggests  that  this  does  not  completely  explain 
the  iidiibitory  mechanism.  The  failure  of  cyanide  appreciably  to  affect 
iodine  binding  in  this  system  may  be  related  to  the  very  limited  dis.socia- 
tion  of  IK'N  at  the  low  pH  of  the  reaction  mixture. 

The  reasons  for  the  variation  among  the  values  listed  in  Table  4  for  the 
fraction  of  the  total  iodine  found  in  the  acetone  precipitate  is  not  entirely 
clear.  The  experiments  differed  in  concentration  of  reactants,  pH  and  ionic 
strength,  which  are  factors  known  to  influence  the  results.  It  is  also  pos¬ 
sible  that  the  temperature  at  which  acidification  occurred  and  the  time 
elapsing  between  acidification  and  precipitation,  factors  which  were  not 
controlled  in  the.se  experiments,  could  be  important.  The  inconstancy  of 
the  iodine  composition  of  the  globin-iodine  compound,  as  reflected  in  the 
diminishing  iodine  content  resulting  from  repeated  precipitations,  is 
another  factor  that  might  be  responsible  for  variation. 

The  curves  expressing  the  relationship  between  the  quantity  of  iodine 
bound  and  both  the  iodide  concentration  and  the  hemoglobin  concentra¬ 
tion  (Figs.  1  and  2)  appear  to  be  of  exponential  nature.  He-plotting  the 
data  of  curves  IF  and  C'  in  Fig.  2  as  a  log-log  graph  indicated  a  straight 
line  relationship  between  log  (quantity  of  iodine  bound)  and  log  (hemo¬ 
globin  concentration)  at  each  iodide  concentration;  a  similar  graphical 
method  applied  to  the  data  of  Figure  1,  i.e.  plotting  the  log  (quantity  of 
iodine  bound)  against  log  (concentration  of  iodide)  did  not  yield  a  straight 
line,  and  it  is  therefore  likely  that  an  equation  of  the  Freundlich  adsorption 
isotherm  type  does  not  describe  the  relationship  between  these  quantities. 

-\lt hough  hemin  (via  alkaline  hematin)  could  combine  with  trace  quanti¬ 
ties  of  iodide  under  the  conditions  of  these  experiments,  of  all  the  heme 
compounds  tested  (Hb02,  HHb,  HbCO,  MetHb,  and  hemin)  oxyhemoglo¬ 
bin  was  by  far  the  most  effectiv'e  in  the  iodine-binding  system.  These  ob- 


January,  19o.9  lODINK  IX  ACID  HKMOGLORIX  SOLUTIONS 


99 


servations  together  with  the  failure  of  aeid  heinatin  to  eoinhine  appreci¬ 
ably  with  iodide,  suggested  that  (ferrous)  heme  attached  to  giohiu  and 
coinhiiied  with  oxygen  was  recpiired  for  maximal  iodine  binding  consecpient 
to  acidification.  It  is  known  that  certain  reducing  substances  (ascorbic 
acid,  epinephrine)  cannot  be  accurately  determined  in  hemolyzed  sera  de- 
proteinized  by  trichloroacetic  acid,  and  it  has  been  suggested  that  the  liber¬ 
ation  of  “active  oxygen”  which  occurs  when  oxyhemoglobin  is  acidified 
leads  to  oxidation  not  only  of  the  ferrous  iron  but  also  of  oxidizable  sub¬ 
stances  in  the  solution,  including  globin  itself  (17).  Acidification  of  oxy¬ 
hemoglobin  fails  to  free  globin  entirely  of  hemin,  and  some  of  the  pigment 
is  very  firmly  bound  to  the  protein,  perhaps  by  a  reactive  group  formed  as  a 
consequence  of  globin  oxidation  (16,  18);  if  a  reducing  agent  is  present  or  if 
oxyhemoglobin  is  converted  to  a  non-oxygen-containing  heme  protein 
prior  to  acidification,  the  globin  can  be  almost  completely  freed  of  heme 
(9,  16).  In  addition  to  this  mechanism  of  oxidation  by  oxygen  relea.sed 
from  combination,  it  has  also  been  .suggested  that  hydrogen  peroxide  may 
be  formed  when  oxyhemoglobin  is  acidified,  and  the  peroxide  may  oxidize 
appropriate  substances  that  may  be  pre.sent,  hematin  acting  as  peroxidase 
(19).  The  importance  of  the  oxidativ’e  change  in  effecting  the  binding  of 
iodine  was  implied  not  only  by  the  effectiveness  of  oxyhemoglobin  as  com¬ 
pared  with  other  heme  proteins  but  by  the  effect  of  reducing  agents  in  de¬ 
creasing  the  binding.  The  studies  of  Lemberg  (19)  of  the  oxidation  of  a.s- 
corbic  acid  by  solutions  of  oxyhemoglobin  undergoing  acidification  empha¬ 
sized  the  rapidity  both  of  the  reaction  and  of  the  disappearance  of  the  oxi¬ 
dizing  system  after  acidification,  features  which  were  characteristic  also  of 
the  oxyhemoglobin-iodide-acid  system.  It  is  not  clear  from  the  data  avail¬ 
able  whether  the  inhibition  of  iodine  binding  by  reducing  agents  such  as 
ferrocyanide  or  thiosulfate  is  attributable  to  the  pre.sence  of  an  oxidizable 
.substance  which  may  .spare  iodide  or  to  a  direct  reduction  by  the.se  sub¬ 
stances  of  an  oxidized  form  of  iodine. 

The  nature  of  the  protein-bound  iodine  is  not  known.  The  preliminary 
chromatographic  and  electrophoretic  studies  have  indicated  the  pre.sence 
of  labelled  hemin,  labelled  protein,  and,  after  hydrolysis,  inorganic  iodide. 
The  alkali-lability  of  the  binding,  its  greater  stability  in  acid,  the  non- 
dialyzable  character  of  the  bound  iodine  and  the  apparent  lack  of  effect  of 
reducing  agents  upon  the  compound  once  formed  are  striking  features. 
Instability  in  alkali  is  not  characteri.stic  of  iodotyrosines  and  no  evidence 
of  these  compounds  was  detected.  If  oxidation  of  iodide  to  iodine  by  active 
oxygen  were  the  mechanism  of  iodination,  the  low  pll  at  which  the  iodina- 
tion  occurred  might  conceivably  prevent  iodination  of  tyrosine  residues, 
since  alkaline  conditions  facilitate  this  reaction  (20),  which  proceeds  very 
slowly  below  pH  .3  (21).  An  iodination  that  could  occur  at  acid  pi  I  is  the 
formation  of  a  sulfenyl  iodide,  by  the  reaction  between  iodine  and  a  thiol 
group  (20).  Although  .sulfenyl  iodides  are  considered  unstable,  evidence 
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has  recently  been  presented  indicatiiiK  tlie  formation  and  persistence  of 
this  KronpiiiK  as  a  rc^snlt  of  the  reaction  of  iodine  witli  tobacco  mosaic 
virus  (22). 

Tlie  fact  tiiat  even  at  very  low  iodide*-^  concentrations  seldom  was  more 
than  oO  to  (>0%  of  the  available  iodine  bound  suggested  that  the  se(iuence 
might  possibly  be; 

oxidation  +RII 

21- - —1,.  —  Hi  +  in 

Until  characterization  of  the  products  has  been  achieved,  such  an  idea  is, 
of  course,  speculative. 

It  is  believed  from  ciuantitative  considerations  mentioned  above,  that 
although  the  iodine-globin  compound  was  not  free  of  hemin  (or  a  deriva¬ 
tive),  one  may  conclude  that  the  iodine-protein  binding  may  occur  as  a 
conseciuence  of  the  same  oxidation  effects  which  produce  adherence  of 
hemin  to  the  protein  rather  than  that  adherent  iodohemin  is  necessarily 
the  form  in  which  iodine  occurs  in  the  protein. 

Some  aspects  of  the  iodine-protein  combination  bear  a  superficial  re¬ 
semblance  to  iodine  metabolism  of  the  thyroid  gland;  in  particular  the  ca¬ 
pacity  of  the  oxyhemoglobin  solution  to  abstract  iodine  from  a  surround¬ 
ing  medium  at  low  pH  (Table  2),  the  considerable  inhibitory  effects  of 
thiocyanate  and  thiourea,  and  the  dependence  upon  “oxidative  condi¬ 
tions.”  Despite  the  unphysiological  pH  at  which  this  reaction  occurs  and 
other  obvious  differences  from  either  thyroidal  “trapping”  or  organic 
binding  of  iodine,  one  wonders  whether  conditions  might  not  exist  under 
which  iron  porphyrin  proteins  such  as  peroxidase  or  the  cytochromes  might 
bind  iodine  and  serve  as  an  iodide  transport  mechanism. 

The  iodine  binding  that  can  occur  when  oxyhemoglobin  undergoes  con¬ 
version  to  acid  hematin,  together  with  the  observations  on  hemolyzed  sera 
mentioned  in  the  introductory  statements,  suggested  that  the  use  of  TCA 
as  a  protein  precipitant  might  yield  spuriously  high  values  for  PBP''*  in 
systems  containing  oxyhemoglobin  and  iodide'^'.  Incubation  of  homogenates 
of  blood-containing  organs,  such  as  spleen,  with  I'®'  was  sometimes  associ¬ 
ated  with  the  occurrence  of  appreciable  I'*'  in  the  TCA-precipitate  of  such 
a  system  (28).  The  effect  of  the  presence  of  various  concentrations  of 
hemoglobin  in  serum  containing  iodide'®'  upon  the  conversion  ratio  as  de¬ 
termined  by  the  TC.\  method  is  seen  in  Figure  7.  At  a  serum  hemoglobin 
concentration  of  oOO  mg.%,  10%  of  the  I'®‘  was  precipitable  and  this  was 
almost  completely  prevented  by  addition  of  thiourea  prior  to  precipitation. 
Hemolysis  of  this  degree  might  therefore  cause  an  error  of  10  to  40%  in 
serum  conversion  ratios  of  euthyroid  subjects.  Serum  seemed  to  exert 
some  inhibitory  effect  on  the  TC.Vprecipitability  of  iodine  in  hemoglobin 
solutions  as  shown  by  the  higher  values  for  TCA-precipitable  I'®'  in  the 
absence  of  serum  (Fig.  7) ;  possible  causes  of  this  inhibition,  which  would 
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Fig.  7.  7’r.l  precipitahility  of  rum  iodide- effect  of  added  hemoglobin. 

Aliquots  of  scrum  (0.5  ml.)  contaiuinf!;  carrier-free  X"al'*'  were  adjusted  to  dilTereiit 
lieiuoKlobiii  eoneentrations,  the  total  volume  beiiiK  1.5  ml.,  au<l  proteins  were  precipi¬ 
tated  by  TC.\  (.V).  H  is  same  as  .V  save  for  the  presence  of  thiourea  (5.3  mt!;m.  ml.) 
added  ])rior  to  TCA.  C  represents  hemof'lobin  and  Xal‘^‘  in  absence  of  serum. 


decrease  the  precipitation  error  that  might  otlierwise  occur,  include  tlie 
presence  of  reducing  substances,  inorganic  iodide  and  other  Iialides. 

Although  analyses  of  TCA-precipitable  I*-'  in  .serum  containing  hemo¬ 
globin  were  not  made,  one  might  anticipate  from  the  data  shown  in  Fig¬ 
ures  1,  2  and  7  that  increased  values  for  might  be  encountered  in 

serum  samples  containing  a  high  concentration  of  hemoglobin,  particularly 
if  the  .serum  iodide'-'  concentration  were  also  high. 
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C  OMPARISON  OF  THYROIDAL  AND  GASTRIC’ 
IODIDE  PUMPS  IN  RATSi 

X.  S.  HALM  I  AN  D  R.  G.  STUELKE 

Department  of  Anatomy,  State  I'niversity  of  Iowa,  Iowa  City,  Iowa 
ABSTRACT 

Low  iodino  intake  uetivatetl  the  thyroidal  iodide  j)Uinp  of  r:its  l)ut  had  no 
eff(*et  on  the  niistrie  i)unip.  Thyroid/seruin  (T,  S)  and  nastrie  juice  serum  (J,  S) 
radioiodule  eoneentration  ratios  were  similar  in  rats  reeeivinn  aclecpiate 
amounts  of  dietary  iodine.  When  graded  doses  of  Xal'-"  or  NaCK)4  were  in¬ 
jected,  the  '1'  S  was  more  markedly  depressed  at  any  dose  level  us(‘d  than  was 
the  J/S.  In  rats  on  a  diet  with  adequate  iodine  eontemt  tin*  capacity  of  the 
rat’s  stomach  juice  for  “pumped”  iodide  was  found  to  he  higluT  than  that 
of  the  thyroid,  .\nalysis  of  the  findings  suggests  that  the  gastric  iodide  pumj) 
differs  from  its  thyroidal  eounteri)art  a)  hy  not  being  responsive  to  'I'SH  and 
to  low  serum  iodide  levels,  and  h)  by  having  a  smaller  affinity  for  iodide. 

SINCE  transport  of  iodide  across  the  stomach  wall  is  not  followed  by 
incorporation  of  the  iodide  into  thyro}j;lobulin,  the  process  can  be 
studied  without  recourse  to  the  methods  of  “chemical  dis.section”  used  in 
investigating;  the  thyroidal  iodide  pump.  It  would  l)e  convenient  if  the 
gastric  and  the  thyroidal  iodide  pump  were  in  every  respect  comparable, 
and  results  obtained  regarding  the  nature,  kinetics  and  regulation  of  the 
former  could  be  held  valid  for  the  latter  as  well.  Indeed,  gastric  and  thy¬ 
roidal  iodide  transport  do  show  similarities:  a)  at  physiologic  serum  iodide 
levels  stomach  juice/ serum  and  thyroid  serum  iodide  concentration  gradi¬ 
ents  of  rats  are  approximately  the  same  (vide  infra);  b)  both  mechanisms 
are  inhibited  by  thiocyanate  (unpublished  observations)  and  perchlorate 
(1)  in  rats,  as  they  are  in  other  species  (2,  8,  4).  On  the  other  hand  thyro- 
trophin  (TSH),  to  which  the  thy  roidal  iodide  pump  is  exquisitely  sensitive 
(o,  fi,  7),  has  no  unequivocal  effect  on  gastric  iodide  transport  (S).  This 
paper  points  out  further  differences  between  the  gastric  and  the  thyroidal 
iodide  pump  of  rats  with  regard  to  their  responses  to  a)  low  iodine  intake, 
b)  elevation  of  .serum  iodide  levels  and  c)  graded  do.ses  of  perchlorate. 

MATERIALS  AM)  METHODS 

Young  adult  male  Holtzman  rats  were  used.  For  three  weeks  they  were  fe<l  either  a 
Remington  diet  (Low  Iodine  Test  Diet,  Nutritional  Bioehemieals  Corporation,  Cleve¬ 
land,  Ohio)  or  the  same  diet  fortified  with  1  mg.  of  iodine  (as  Nal)  per  kg.  They  were 
fasted  for  24  hours  before  the  e.xperimental  procedures,  which  were  the  following;  a) 
ligation  of  j)ylorus  and  eardia,  and  either  nephrectomy  or,  in  mo.st  instances,  tying  off 

*  Supported  by  grant  A-932,  Cnited  States  Public  Health  Service.  Presented  at  the 
1958  meeting  of  the  .Vmerican  Goiter  Association,  San  Francisco,  Calif. 
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of  all  the  structures  in  tlu>  renal  hiluin  performed  in  order  to  obviate  the  influence  of 
renal  excretion  on  the  ecpiilibration  of  (9);  the  oi)erations  were  carried  out  under 
(‘ther  anesthesia;  b)  subcutaneous  injection  of  12  mg.  of  propylthiouracil  (PTl*)  in  0.0 
ml.  of  alkaline  solution  immediately  after  closure  of  the  abdominal  incision,  and  c)  sub¬ 
cutaneous  injection  of  a  tracer  dose  of  1*®'  one-half  hour  later.  P”  was  given  in  one  ml. 
of  isfdonic  (1.54  inM/l.)  XaCl  solution,  or  with  graded  doses  of  XaP^’  or  XaC'104.  Roth 
XaP-'  and  Xa('l()4  were  j)repar(“d  in  isotonic  solutions.  When  the  dose  given  was  less 
than  the  XaP'^'  or  XaClOi  containc'd  in  one  ml.  of  this  solution,  the  injecte<l  volume 
was  mad(‘  uj)  t<)  one  ml.  with  isotonic  Xa('l.  The  rats  which  received  the  highest  do.se  of 
XaP-'  were  injected  with  five  ml.  of  the  stock  solution.  In  all  cases  of  XaP-’  administra¬ 
tion  the  tracer  dose  of  I”'  was  thoroughly  mixed  with  the  solution  of  XaP-’  given,  and 
specific  activity  was  determined.  Four  hours  after  the  injection  of  P”  the  rats  were 
killed.  HI(K)d  was  obtained  from  the  abdominal  aorta,  the  gastric  contents  were  collected, 
and  th(‘  thyroid  was  dissected  out  and  weighed  on  a  Roller-Smith  balance.  One-tenth 
ml.  of  serum  ami  of  the  su|)ernatant  of  the  centrifuged  gastric  contents,  as  well  as  the  thy¬ 
roid,  were  prei)ared  for  radioactivity  determination  by  the  method  of  VanderLaan  and 
(Jreer  (h). 

riie  following  abbreviations  will  be  used: 

T  =  p3i  (or  labelh'd  P^’)  per  100  mg.  thyroiil 

S  =  P’"  (or  labelled  P''')  jjcr  0.1  ml.  s<‘rum 

,J  =.  I'-'"  (or  labelled  P-’)  j)er  0.1  ml.  gastric  juice 

Several  pilot  experiimmts  were  carrh-d  out  on  rats  fed  the  fortified  Remington  diet 
or  Rockland  ])ellets  for  three  weeks,  subjected  to  the  operative  j)rocedures  listed  above, 
and  injected  with  a  tracer  dose  of  P^'  one-half  hour  after  the  administration  of  12  mg. 
of  FTP.  a)  Since  some  of  our  rats  received  XaC'l  while  others  did  not,  the  effect  of  this 
salt  (Ui  gastric  and  thyroidal  iodide  transi)ort  was  examined.  .\s  much  as  o  ml.  of  iso¬ 
tonic  XaCI  given  with  the  P^'  had  no  effect  on  gastric  or  thyroidal  iodide  concentrating 
ability,  ('ontrols  received  .5  ml.  of  i.sotonic  XasS-jOs.  The  J/'S  in  these  groups  was  31. S 
±2.b  (S.F..)(9  rats)  and  38.9  +  4.0  (10  rats)  respectively,  b)  .1  S  ratios  0  hours  after 
the  administration  of  P®‘  were  no  greater  than  at  4  hours.  X’umerous  earlic'r  observa¬ 
tions  hav(‘  indicated  that  the  T,  S  ratio  becomes  stable  within  an  hour  or  less  after 
the  inj(‘ction  of  P’*.  The  .I  S  and  T^S  values  to  be  present(‘d  can  thenffore  be  regarde  1 
as  t‘(|uilibrium  concentration  ratios,  c)  .Vttempts  w(>re  made  to  correlate  the  amount  of 
gastric  juice  seended  in  4  hours  with  the  .J/S,  since  the  volume  of  tin*  sui)ernatant  of  the 
centrifug(“d  gastric  juice  from  animals  used  in  this  study  varicfl  from  only  a  little  over 
0.1  ml.  to  .5-6  ml.  Xo  eorndation  between  the  .I/S  and  the  amount  of  gastric  juice 
s('creted  could  be  establislnal.  Bt'cause  of  this  and  the  lack  of  systematic  variation  in 
the  amount  (»f  gastric  juice  among  groups  receiving  different  forms  of  treatment,  rate 
of  gastric  juict*  secretion  was  not  regarded  as  a  heterojjoietic  factor  in  this  .study,  d)  In 
four  rats,  92  +  1. .5  (S.E.)%  of  the  P®'  of  the  gastric  juice  (four  hours  after  the  injection 
of  tracer  amounts)  was  found  in  the  supernatant  when  1  ])art  of  centrifugefl  stomach 
juice  was  i)recipitated  with  9  i)arts  of  10%  trichloroacetic  acid  this  agrees  with  chroma¬ 
tographic  findings  (10)  which  showed  90-9.5%  of  the  P®’  in  gastric  juice  to  be  in  the 
form  of  iodide.  In  six  rats  83 +  .5.2%  of  serum  P®'  was  not  precipitated  by  trichloroaeetic 
acid  four  hours  after  the  injection  of  the  tracer.  This  was  presumably  not  due  to  the 
pre.sence  of  hormonal  P®*  in  the  serum,  since  PTI'  had  Iwen  given  in  sufficiently  large 
amounts  to  ])revent  thyroid  horniftne  formation.  Ingbar  and  Freinkel  (11)  have  also 
found  that  about  20%  of  P®‘  added  to  human  serum  is  not  dialyzable.  Binding  of  P’* 
in  s(*rum  and  gastric  juice  was  neglected  in  the  interpretation  of  our  results.  It  is  un- 
likelj-  that  the  error  thus  introduced  exeeeded  10%  in  any  group. 

For  the  comi)utation  of  the  concentration  of  “pumped”  P®’  in  thyroid  and  gastric 
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Table  1.  Thyroid/iseri  m  (T/S)  and  oa.stric  .iruE/sERrM  (J/S)  P” 

roXCEXTRATIOX  RATIOS  IX  RATS  FED  A  REMIXOTOX  DIET  OR  THE 
SAME  REOIMEX  FORTIFIED  WITH  lODIXE  (1  Mfi./KO.) 


1  )ii‘t 

No. 

Rody 

Thyroid 

T/S 

.I/S 

rats 

wt.,  Kin. 

wt.,  niK- 

RtMiiiiiKton 

8 

2:Ri±4* 

17.2  ±  1  .4 

1.51  .4  ±10.1 

+0.0 

Rfiniiiutoii  + 1 

'.1 

247  +  7 

11  ..5±()..5 

:fl .  1  ±  4.1 

:{0.4  ±4.:i 

*  .Mi'md  ± standard  orror. 

iiict'  till'  I'-'  wliich  liad  (‘iitcri'd  by  diffusion  was  cstiinati'd  as  ^  and  4,  ivspcctivDly.  of 
tlu'  si'niin  P-'  coiKaaitration  (I),  and  was  snhtrai-tcd  from  the  total  concDiitration  of 
P'^-  (Tallin  2,  Pis.  1). 

RESULTS 

Table  1  sliows  that  the  T  S  was  f;reatly  increased  in  rats  on  a  low  iodine 
diet,  which  confirms  earlier  ob.servations  (12,  El),  but  that  the  .I/S  in  the 
same  rats  was  no  greater  than  in  rats  which  had  received  adetjuate  amounts 
of  iodine. 

When  1‘'^‘  was  given  witli  graded  do.ses  of  I'-’  (Table  2),  the  T/S  was 
more  readily  depressed  than  the  .1  S.  Figure  1  shows  that  in  the  gastric 
juice,  as  in  the  thyroid,  the  concentration  of  “pumped”  I'-‘  ro.se  and  then 
tended  to  level  off  as  .serum  was  elevated:  the  plateau,  which  indicates 
the  capacity  for  “pumped”  1'-%  was  more  than  five  times  as  high  for  the 
gastric  juice  as  for  the  thyroid.  The  highest  concentration  of  “pumped” 
in  the  gastric  juice  of  any  animal  in  this  study  was  .‘lot)  mK-  0-1 
compared  with  4()  gg.  100  mg.  in  the  thyroid  which  had  taken  up  the  larg¬ 
est  amount  of  iodide.  Whereas  the  average  J  T  ratio  was  clo.se  to  1  when 
only  a  tracer  dose  of  I’'”  was  given  to  rats  fed  the  llemington  diet  with 
added  iodine,  this  value  rose  to  0.0  when  serum  I‘-^  was  increased  to  about 
20  Mg.  0.1  ml.,  and  declined  again  when  serum  I'-'  levels  were  further  ele¬ 
vated  (Fig.  2).  This  decrease  at  very  high  serum  !*-'  levels  was  a  predictable 
finding.  If  iodine  entered  both  gastric  juice  and  thyroid  by  diffusion  only,  a 
.J/T  of  about  2.:i  (.see  broken  line  in  Fig.  2)  would  be  expected  on  the  basis 
of  studies  with  large  doses  of  perchlorate  (1).  The  .1  T  would  tend  to  ap¬ 
proach  this  value  as  serum  I'-'  levels  are  rai.sed  .so  high  as  to  flood  the 
thyroidal  and  gastric  pumps  and  eventually  render  diffusion  of  iodide  into 
thyroid  and  gastric  juice  preponderant  over  active  transport. 


Table  2.  I'Tfect  of  NaP*’  ox  thyroidal  axd  ca.strio  iodide  im  .mi’s  in  rats  fed 

A  REMIXCTOX  DIET  WITH  lODIXE  (1  MO./kO.)  ADDED 


.N’o. 

rats 

Body  wt.. 

RIM. 

Dohu  of 
NaP»‘  /iM 

Seriiiii  lO'tS), 
liK.  0.1  ml. 

Thyroidal 
'■pumped”  l'»: 
CT  mimiK  S  3) 

»!(?.  lIHt  m(t. 

“Ptiiiiped’* 
in  Rastric*  juiuc* 

(J  minus  3S  4), 
mR./B.I  ml. 

T  S 

•I/S 

247  +  7* 

0 

_ 

_ 

_ 

31  1  +4.4 

36.4  +  4.3 

7 

2.'i4  +  8 

6.16 

0.71+0.11 

14.3+1.5 

18.1+  3.5 

21.8  +2.6 

31.5±7.0 

6 

242  ±  1 1 

:io.8 

3.5  ±0.33 

15. '.*±2.1 

56.7 ± 13.4 

5.5  +1.3 

16.5±2,6 

8 

240  +  !t 

1,54.0 

22.4  +1.4 

23.0  +  3.3 

157,l  +  .34.5 

1.4  +0.35 

7. 7  +  1. 3 

a 

228  ±15 

770.0 

132.2  ±  2.1 

36.5  +  5.6 

178.7±.52.0 

0.62  +  0.12 

2.1±0.4 

*  Mean  +  standard  error. 
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SERUM|'27mG./0.I  ML. 

Fig.  1.  Influence  of  serum  iodine  levels  on  the  coneentration  of  iodine  in  thyroid 
and  gastric  juice.  Vertical  lines:  standard  errors  of  the  mean. 

With  graded  dose.s  of  XaClOi  similar  results  were  obtained  as  with 
Xal'-^:  the  highest  do.se  lowered  the  J  8  to  40%  and  the  T  8  to  11%  of  the 
control  values  (Table  3). 

DISCUSSION' 

The  rats  fed  a  low  iodine  diet  were  probably  .secreting  increased  amounts 
of  T8H,  since  their  thyroid  weights  were  .significantly  higher  than  tho.se  of 
the  controls  (Table  1).  The  high  T  8  of  iodine  deficient  rats  has  been  in¬ 
terpreted  as  the  respon.se  of  a  sen.sitized  iodide  pump  to  normal  or  elevated 
levels  of  T8H  (12,  18,  14).  The  failure  of  the  gastric  iodide  pump  to  respond 
to  iodine  deficiency  in  part  undoubtedly  reflects  the  lack  of  effect  of  T8n 
on  this  mechanism,  which  was  also  evident  in  hypophy.sectomized  rats 
given  exogenous  T8H  (8).  8ince  the  gastric  iodide  pump  did  not  even  react 
to  low  iodine  intake  with  the  moderate  activation  observed  in  the  case  of 
the  thyroidal  pump  of  hypophy.sectomized  rats  fed  a  Remington  diet  for 
19-20  days  (18),  the  gastric  wall  apparently  lacks  an  intrinsic  regulator  of 
its  iodide  pump  like  that  postulated  to  exist  in  the  thyroid  (12,  18,  14). 

Although  the  T/S  and  the  J/S  were  approximately  equal  in  rats  fed  a 
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Fig.  2.  Influence  of  serum  iodine  levels  on  the  gastric  juice/thyroid  radioiodine  con¬ 
centration  ratio.  Each  point  stands  for  one  rat.  Tlie  line  is  drawn  tlirougli  the  mean 
values  observed  in  the  groups  of  rats  which  were  injected  with  Xal’'*’  at  the  dose  levels 
shown  in  Table  2. 

diet  containing  adequate  amounts  of  iodine  and  injected  only  with  a  tracer 
dose  of  loading  with  showed  that  gastric  juice  has  a  much  higher 
capacity  for  iodide  than  does  the  thyroid  (Table  2,  Fig.  1).  This  higher 
capacity,  of  course,  may  be  entirely  due  to  the  fact  that  a  known  site  of 
iodide  concentration  in  the  stomach,  its  secretion,  was  compared  with  the 
entire  thyroid,  which  undoubtedly  includes  compartments  in  which  iodide 
is  not  concentrated.  An  increase  in  the  capacity  of  the  thyroid  for  iodide  is 
elicited  by  thyrotrophic  stimulation,  but  this  is  accompanied  by  a  com¬ 
mensurate  increase  of  the  T  S  at  physiologic  serum  iodide  levels  (lo,  Ki). 
The  activated  thyroid  thereby  differs  from  the  stomach.  In  the  analysis  of 


Table  :L  Effect  of  X!iCl()4  on  thyroidal  and  oastric  iodide  itmps  in 

RATS  FED  A  REMINGTON  DIET  WITH  IODINE  (1  MG./KG.)  ADDED 


Xo.  rats 

Body  wt.,  gin. 

Dose  of 
XaCKb,  (L.M 

T/S 

.I/s 

!» 

247  +7* 

0 

:ii  .1  +4.4 

:b).4+4.H 

(> 

252  +  4 

O.dOS 

17.4+2.() 

27.7  +9.1 

() 

242  ±  5 

:L:i±().G 

It). 7  +2.4 

*  Mean  ±  standard  error. 
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their  findings,  Wollman  and  Scow  (10)  concluded  that  TSH  affects  the 
thyroidal  iodide  pump  by  means  other  than  enhancement  of  the  affinity 
of  the  transport  carrier  for  its  substrate,  since  it  does  not  alter  the  Km.- 
Comparison  of  the  behavior  of  gastric  and  thyroidal  iodide  transport  sys¬ 
tems  under  conditions  of  loading  with  their  substrate  (Table  2)  shows 
that  the  J  S  declines  less  steeply  with  increasing  serum  iodide  levels  than 
does  the  T  S.  A  log-log  plot  of  the  data  demonstrates  that  the  Km  for  the 
gastric  iodide  transport  system  is  around  8  mK-  of  serum  I*-^  0.1  ml.  vs. 
1  /xg.  0.1  ml.  for  the  thyroidal  pump.  This  indicates  that  the  gastric  pump 
actually  has  a  lower  affinity  for  its  substrate  than  that  of  the  thyroid,  which 
accounts  for  the  fact  that  J  S  and  T  S  are  equal  at  physiologic  .serum 
levels  even  though  the  capacity  of  the  gastric  juice  for  iodide  is  higher. 

ICarlier  studies  (IS,  19)  on  dogs  have  also  shown  that  the  gastric  iodide 
pump  can  be  saturated  with  iodide.  However,  in  the  dog  J  S  values  arc  de- 
pres.sed  to  1  or  below  when  the  serum  P-^  reaches  .3  niM  1.  (  =  38.1  mK- 

0.1  ml.)  (19),  whereas  in  the  rat  the  J  S  is  still  significantly  above  1  when 
the  serum  P-^  levels  are  four  times  as  high. 

It  is  not  known  whether  the  stomach  of  the  rat  concentrates  perchlorate. 
The  thyroid  of  several  species  has  been  found  not  to  concentrate  iidiibitors 
of  iodide  transport  .such  as  thiocyanate  or  perchlorate  (17,  20,  21).  Freinkel 
and  Ingbar  (21)  have  therefore  postulated  that  two  carriers  make  up  the 
thyroidal  iodide  pump:  the  first  accepts  competing  anions  as  well  as  iodide, 
the  second  is  specific  for  iodide.  A  .similar  situation  may  exist  in  the  stom¬ 
ach  wall,  or  gastric  iodide  transport  may  be  accomplished  by  a  single  car¬ 
rier.  In  any  event,  the  T/S  is  more  readily  depressed  than  the  J  S  whether 
graded  do.ses  of  P-^  or  perchlorate  are  given.  This  appears  to  indicate  that 
the  reason  for  the  observed  kinetic  difference  between  the  gastric  and  the 
thyroidal  iodide  pump  resides  in  sites  to  which  both  iodide  and  perchlorate 
attach.  It  is  also  evident  (compare  Tables  2  and  3)  that  perchlorate  is 
about  10  times  as  effective  as  iodide  in  depres.sing  the  J  S.  The  same  is  true 
for  the  T/S,  which  confirms  earlier  findings  (2).  Apparently  perchlorate 
has  a  greater  affinity  for  or  easier  access  to  the  sites  on  which  it  acts  when 
it  inhibits  thyroidal  or  gastric  iodide  transport. 
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ABSTRACT 

Pre|):irations  of  thyroglohulin  have  l)o<*n  made'  by  salting-out  te(*lini(ju<*s 
from  the  thyroid  gland  of  a  single  sheej),  labeled  with  I*’’  in  vivo,  from  multiple 
thyroid  glands  labeled  in  vitro,  and  from  multiple  unlabeled  glands.  Despite 
electrophoretic  and  ultrai-entrifugal  homogiuieity,  such  preparations  displayed 
evidence  of  lu'terogeneity,  as  assessed  by  their  behavior  during  ion-exchange 
chromatograiihy,  ultraviolet  absorption  spectra,  rate  of  turnover  of  1'^',  and 
amino  acid  content. 

The  thyroid  gland  is  an  organ  .spooializod  to  perform  two  principal 
hiosynthetie  functions.  (Jrcat  attention  has  been  directed  toward  the 
first,  i.e.,  the  formation  of  iodinated  amino  acids  capable  of  exerting  char¬ 
acteristic  metabolic  effects  at  di.stant  .sites  within  the  organism.  However, 
the  second  major  bio.synthetic  function  of  the  gland,  the  synthesis  of  a 
specific  protein  framework  within  which  these  iodinations  may  occur,  has 
been  largely  overlooked.  Yet,  there  is  evidence  that  several  of  the  charac¬ 
teristics  of  this  protein  may  contribute  greatly  to  normal  hormonal  econ¬ 
omy.  .Although  in  viro  iodination  of  tyrosyl  groups  within  proteins  may 
occur  in  organs  other  than  the  thyroid  gland,  the.se  extrathyroidal  iodo- 
proteins  do  not  contain  hormonally  active  iodinated  amino  acids 
The  demonstration  that  the  hormonally  active  iodothyronines  (as  well  as 
their  iodotyro.syl  precursors)  are  situated  as  end  groups  within  the  thyro- 
globulin  molecule  (4)  .suggests  that  the  configurational  characteristics  of 
the  thyroglobulin  molecule  may  somehow  facilitate  their  formation.  In  ad¬ 
dition,  the  large  molecular  .size  of  thyroglobulin  .seems  certain  to  make  the 
task  of  the  thyroid  gland  in  maintaining  a  large  store  of  hormone  more 

'  'I'liis  iuvc'stigiition  was  supported  in  part  by  Research  Grant  .\-r)27  from  the  Xa- 
tional  Institute  of  .Arthritis  and  Metabolic  Diseases  of  the  National  Institutes  of  Health, 
Public  Health  .Service,  and  in  part  by  the  Medical  Research  and  Develoj)ment  Board, 
Office  of  the  Surgeon  General,  Department  of  the  .Vrmy,  under  C'ontract  No.  D.\-49- 
(M(7-MD-412.  Presented  at  the  19.58  Meeting  of  the  .Vmerican  Goiter  .\ssociation. 

-  Much  of  this  work  was  done  during  tenure  as  a  Visiting  Worker,  National  Institute 
for  Medical  Research,  London,  England.  Present  address,  Thorndike  Memorial  Labo¬ 
ratory,  Boston  City  Hospital,  Boston,  Massachusetts. 
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oasily  accomplished,  and  further,  the  capacity  of  thyroglohulin  to  hold 
ihyroxine  in  a  loose  surface  bond  may  afford  some  degree  of  regulation  ovei' 
die  rate  of  hormonal  release  (o). 

For  these  reasons,  it  seemed  possible  that  a  study  of  the  synthesis  of 
i  hyroglobulin  might  ultimately  contribute  to  a  better  integrated  under¬ 
standing  of  ithe  function  of  the  normal  and  pathological  thyroid  gland, 
before  undertaking  such  a  study,  however,  it  seemed  advisable  to  scruti¬ 
nize  more  carefully  the  properties  of  the  specific  protein  moiety  in  (question. 

Several  uniipie  characteristics  of  thyroglohulin,  including  its  high  con¬ 
centration  in  a  readily  available  tissue,  its  apparent  relative  ease  of  puri- 
iication,  and  its  large  molecular  size,  have  caused  it  to  be  employeil  as  a 
nodel  for  the  study  of  protein  behavior  in  a  number  of  systems,  physico¬ 
chemical  as  well  as  immunological  (6-9).  As  a  result,  many  of  the  physical 
constants  and  certain  aspects  of  the  chemical  composition  of  thyroglohulin 
iiave  been  evaluated,  and  these  in  turn  have  served  as  criteria  for  assessing 
a  number  of  methods  for  its  isolation.  Relatively  recently,  it  has  been 
'hown  that  salting  out  techni(iues  are  capable  of  providing,  from  glandular 
(‘xtracts,  preparations  of  apparently  undenatured  protein  which  have  the 
physical  and  chemical  characteristics  of  thyroglohulin  (10).  Although  such 
preparations  display  electrophoretic  and  ultra-centrifugal  homogeneity, 
they  seem  regularly  to  consist  of  several  distinct  moieties,  as  judged  by 
solubility  in  salt  solutions  of  high  ionic  strength  (10).  Attempts  to  asse.ss 
the  homogeneity  of  such  preparations  by  other  criteria,  and  to  isolate  the 
heterogeneous  components,  if  possible,  constitute  the  substance  of  the 
present  report. 

METHODS 

Preparation  of  Thyroglohulin:  Sovcral  hatolips  of  thyroglol)ulin  were  preparod  from 
extracts  of  sheep  tfiyrohl  glands  by  tlie  method  of  Derrien,  Michel,  and  Roche,  em¬ 
ploying  ammonium  sulfate  as  ])recipitating  agent  (10).  Final  preparations  were  exten¬ 
sively  dialyzed  against  j)hosphate  buffer,  0.01  .1/,  pH  0.8,  and  were  divided  into  aliquots 
which  were  frozen  for  use  in  individual  experiments.  This  method  of  .storing  the  protein 
was  selected  in  view  of  the  earlier  demonstration  that  thyroglohulin  loses  its  solubility 
after  lyophilization  (0). 

The  following  batches  of  thyroglohulin  were  prepared: 

Hatches  1,  2,  and  8:  Thyroglohulin  was  obtained  from  pooled  glands  of  .several 
freshly  kilhsl  sheep. 

Hatches  4  ami  o:  Twelve  thyroid  glands  were  obtained  at  the  abattoir  from  freshly 
kilh'd  sheej).  These  were  transported  to  the  laboratory  under  refrigeration.  Two  glands 
were  quickly  sliced  with  a  Stadie-Riggs  microtome.  Slices  were  distributed  among  a 
mimb(‘r  of  incubation  flasks  containing  Kn'bs-Ringer-phosphate  medium  and  a  total 
of  500  fjte.  of  inorganic  P”.  After  several  hours  of  incubation  at  38°  C  in  an  atmosphere 
of  100%  oxygen,  slices  were  removed,  blotted,  and  pooled  with  slices  which  had  been 
prepared  from  the  remaining  ten  thyroid  glands.  The  saline  extracts  of  these  glands  was 
used  to  prepare  Hatches  4  and  5. 

Hatch  6:  \  single  sheep  was  injeetecl  subcutaneousb’  with  2  me.  of  inorganic  P’*. 
Twenty-four  hours  later  the  sheep  was  killed  with  a  captive-bolt  killer.  The  thyroid  was 
quickly  removed,  freed  of  fat  and  fascia,  and  sectioned  with  Stadie-Riggs  microtome. 
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Ion  Exchange  Chroniatography:  Ion  cxchaiiKc  (*hroiuatograi)hy  of  i)roparations  <»f 
thyroglohulin  was  jM'rforini'd,  omployiii}];  DKAE-cellulose,  propared  according  to  tecli- 
niquos  described  by  Peterson  and  Sober  (11).  Columns  l.o  cm.  in  diameter  and  15  cm. 
long  were  most  commonly  employed.  I)K.\.K-eellulose  was  ecpiilibrated  with  buffer 
(phos|)hate  0.01  .1/,  pH  0.8)  by  means  of  a  batcli  techniciue,  following  which  the  column 
was  j)oun‘d.  C’olumns  were  packed  and  flow  maintained  under  pressures  of  ai)i)ro.\i- 
mately  4  to  10  cm.  of  mercury,  using  either  compn‘.s.sed  air  or  nitrogen.  .Vft<“r  packing, 
the  column  was  washed  with  another  50  ml.  of  buffer.  The  solution  of  protein,  aft(>r  dial¬ 
ysis  against  buffer  of  the  same  j)H  and  molarity,  was  ajjplied  to  the  column,  usually  in 
a  volume  of  5  to  10  ml.  .\n  additional  50  to  100  ml.  of  starting  buffer  was  than  allowed 
to  wash  the  eolumn,  and  the  total  column  effluent  was  collected  during  this  ])eriod.  In 
no  case  did  signifieant  quantities  of  radioactivity  or  protein  j)ass  through  the  eolumn 
during  the  washing  period. 

Several  exj)eriments  were  performed  in  order  to  define  optimum  conditions  for 
gradient  elution.  I’ltimately,  a  gradient  to  buffer  containing  ])hosphate  0.05  .1/,  XaCI 
0.20  .1/,  pH  5.7  was  cho.sen.  This  buffer  was  passed  from  a  reservoir  into  a  mixing  cham¬ 
ber  containing  2.50  ml.  of  the  starting  buffer  continuously  agitated  l)y  a  magnetic  stirrer. 
Ruffer  was  then  passed  to  the  toj)  of  the  column.  Fractions  were  collected  in  an  auto¬ 
matic  (constant  interval)  fraction  collector,  the  flow-rate  being  adjusted  by  regulating 
the  air  pressure  applied  to  the  buffer  reservoir.  Flow  was  adjusted  to  a  rate  of  aj)j)roxi- 
mately  20  ml. /hour,  and  one  fraction  was  collected  every  15  minutes.  Under  the.se  con¬ 
ditions,  a  comj)lete  elution  could  readily  be  performed  overnight.  Because  of  small  varia¬ 
tions  in  rates  of  flow,  the  volume  of  the  individual  fractions  varied  slightly. 

In  three  experiments,  the  recovery  of  protein  and  radioactivity  from  the  column  was 
assessed.  This  was  performed  by  analysis  of  tin*  anai  under  the  elution  curvt's.  In  all 
instances,  recovery  of  radioactivity  and  protein  exceeded  90%. 

Analysis  of  Radioiodinated  Amino  Acid  Content  of  Eluted  Fractions:  Protein  fractions 
w(‘re  i)reci|)itated  from  their  eluting  buffer  with  ammonium  sulfate,  were  redissolved  in 
urea-ammonium  chloride  solution,  pH  8.5,  and  were  subjected  to  tryptic  hydrolysis  at 
38°  C'  for  twenty-four  hours.  Whole  hydrolysates  were  them  chromatographed  on  What¬ 
man  Xo.  1  paper  in  both  butanol-dioxane-ammonia  and  butanol-aeetic  acid-water  sys¬ 
tems,  using  inorganic  iodide,  mono-  and  diiodotyrosine,  triiodothyronine,  and  thyroxine 
as  carriers.  Carrier  substances  were  localized  with  palladium  chloride,  in  the  case  of 
iodide,  and  with  diazotized  sulfanilie  acid,  in  the  case  of  the  iodinated  amino  acids. 
Localization  of  radioiodinated  amino  acids  was  determined  by  radioautography  ami  by 
scanning  the  chromatograi)hic  strijjs  in  a  eontinuou.s-feed-strip  scanner  in  circuit  with 
a  rectilinear  recorder.  Quantitative  assessment  of  the  radioactivity  in  individual  ])eaks 
in  the  chromatogram  was  obtained  by  analysis  of  their  area. 

1  mmunologic  Techiwiues:  .Antisera  against  sheei)  thyroglobulin  were  jjrepared  in  three 
rabbits  as  follows:  Solutions  of  thyroglobulin  were  suspended  in  Freund’s  a<ljuvant 
(light  liquid  paraffin,  lanolin,  and  gnuind,  heat- killed  tubercle  bacilli)  to  a  final  concen- 
tratifui  of  0.25  mg.,  ml.  Rabbits  were  given  two  intramuscular  injections  of  1.0  ml.  of 
antigen  one  week  apart.  Following  a  rest  period  of  four  weeks,  rabbits  were  twice  in¬ 
jected  intravenously  with  5  mg.  of  thyroglobulin  as  alum-i)reeipitated  protein.  .Antisera 
wer(“  harvested  two  weeks  later. 

Miscellaneous  Techtiiyues:  Solutions  of  thyroglobulin  (1.3  gm.%)  wen*  electroj)ho- 
r(*sed  in  tbe  2.0  cm.  cell  of  the  Perkin-Elmer  apparatus  following  prolonged  dialysis 
against  0.05  .1/  phosphate  buffer,  pH  (5.8.  Filter  paper  electrophoresis  was  performed  in 
Whatman  Xo.  3  paper  in  veronal  buffer,  j)H  8.(5,  ionic  strength  0.05.  Spectrophoto- 
metric  measurements  were  i)erformed  in  a  Unicam  spectrophotometer,  emjjloying  1.0 
cm.  quartz  cells.  Xitrogen  analyses  were  performed  by  a  modified  micro-Kjeldahl 
method.  Measurements  of  radioactivity  were  carried  out  under  conditions  of  constant 
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Fig.  1.  (Iradk'iit  elution  of  tliyroKlobuliii  from  multiple  sheep  thyroid  glands,  la- 
lieled  with  1'”  in  vitro,  from  DEAE-eellulose  resin.  See  text  for  eliromatoKraphie  eon- 
I lit  ions. 

geometry  in  a  well-tyjie  scintillation  counter.  Sufficient  counts  were  obtained  to  reduce 
the  probable  error  of  counting  to  less  than  1%.  Analyses  for  stable  iodine  were  |)er- 
formed  by  the  method  of  Rarker,  Humphrey,  and  Soley  (12).''  Proteins  were  analyzeil 
for  amino  acid  content  by  the  technhiue  of  Moore  and  Stein  (13),  following  hydrolysis 
in  OX  HCl. 

RESULTS 

Hatch  4  consi.sted  of  thyroKlobuliii  extracted  from  twelve  sheep  thyroid 
tllands,  of  which  two  had  been  allowed  to  accumulate  I*'”  in  vitro  during  an 
incubation  period  of  .several  hours.  Ion  exchange  chromatography  of  Hatch 
4  produced  re.sults  depicted  in  Figure  1.  Two  principal  findings  were  noted. 
First,  the  curve  of  protein  elution  was  a.symmetrical,  displaying  a  rather 
sharp  peak,  followed  by  a  distinct  shoulder  and  tail.  Second,  fractions  as- 
.'^ociated  with  the  primary  protein  peak  contained  considerably  more  radio¬ 
activity  than  fractions  in  the  shoulder  and  tail  of  the  elution  curve.  Where- 

®  Performed  by  Bioscience  Laboratories,  231  South  Carmelina  .\venue,  Los  .Vn^eles 
(il,  California. 
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as  proteins  in  the  shoulder  and  tail  of  the'elution  curve  contained  approxi 
mately  40%  of  the  ultraviolet  absorbing  moieties  recovered  from  th< 
column,  they  contained  only  20%  of  the  radioactivity.  Calculation  of  tin 
ratio  of  radioactivity  to  extinction  at  2S0  m/x.  for  successive  fractions  ol 
the  elution  curve  revealed  that  peak  ratio  was  achieved  in  the  first  fractioi 
which  contained  appreciable  protein.  The  ratio  remained  virtually  con¬ 
stant  in  the  next  two  fractions  and  then  declined  progressively,  varyin;. 
approximately  seven-fold  between  the  peak  and  the  latest-eluting  fractions. 

Consecutive  fractions  in  the  elution  curve  were  mixed  to  form  several 
pools  (20-22,  2:i-2.5,  20-80,  81-80,  87-47)  in  which  ultraviolet  absorption 


240  200  320  240  280  320  240  280  320 

WAVE  LENGTH  (nry/) 

Fig.  2.  I’ltraviolot  absorption  sp<‘ctra  <»f  p(»olo<l  fractions  (tf  tIiyro>jlol)ulin 
from  tlic  elution  curve  shown  in  Fif^urc  1. 

spectra  were  determined.  Hesults  obtained  in  fractions  20-22  and  87  17 
arc  illustrated  in  Figure  2.  Maximum  ditTerences  in  absorption  spectra  were 
observed  in  pooled  fractions  from  the  extreme  ends  (20-22  ami  87-47)  of 
the  elution  curve  (Fig.  2).  The  .spectral  curve  shifted  progre.ssively  from 
that  displayed  by  fractions  20-22  toward  that  displayed  by  fractions  87-47 
as  pools  from  succe.ssive  portions  of  the  elution  curve  were  examined.  h]arly 
fractions  di.splaj  ed  a  distinctly  lesser  absorption  in  the  250-2o5  and  in  tlm 
800-810  m/i.  range  than  did  fractions  eluted  late.  Early  fractions  also  dis¬ 
played  a  distinctly  sharper  absorption  peak  at  precisely  280  m/i.  The  .spec  ¬ 
trum  of  pooled  fractions  87-47  revealed  a  broak  peak  wliich  was  almos; 
flat  between  278  and  282  m/i.  Differences  among  the  various  pools  dimin¬ 
ished  as  the  pH  at  which  observations  were  made  was  increased.  Maximum 
changes  in  absorption  during  change  in  pH  occurred  in  the  245-255  mjL  . 
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ranges,  were  most  marked  when  tlie  pH  was  increased  from  10.0  to  ll.o, 
md  were  of  greatest  magnitude  in  pooled  fractions  20-22. 

Batch  5,  representing  a  second  preparation  of  thyroglobulin  from  the 
-ame  saline  extract  as  that  which  yielded  Batch  4,  gave  entirely  identical 
esnlts  with  those  obtained  in  Batch  4,  both  as  regards  the  shape  of  the 
Intion  curve  for  radioactivity  and  for  protein  and  as  regards  spectral 
ibsorption  curves. 

Pools  were  made  of  fractions  in  the  early  and  in  the  late  portion  of  the 
v  lution  curve  of  Batch  o.  These  were  dialyzed  against  0.01  M  phosphate 
mlTer,  pH  O.S,  and  were  subjected  to  ultracentrifugal  analy.sis  (Pig.  :i). 


FRACTIONS  20-22 


FRACTIONS  37-47 


Fig.  3.  Ultraceiitrifugal  analyses  of  pooled  fractions  of  thyroglohulin 
from  the  elution  eurv'e  shown  in  Figure  1. 


lixcept  for  a  small,  rapidly-sedimenting  moiety  in  the  late-eluting  fractions, 
both  fractions  appeared  homogeneous.  Calculated  values  for  S2o,w  were 
10.2  and  19.7,  respectively,  for  the  early  and  late-eluting  fractions.  No 
moieties  displaying  less  rapid  sedimentation  were  seen. 

When  subjected  to  chromatography  on  the  I410AK-cellulose  column. 
Batch  2  of  unlabelled  thyroglobulin  displayed  an  asymmetrical  elution 
curve  similar  to  that  observed  with  Batches  4  and  5  (Fig.  4).  Fractions 
18-20  and  35-41  were  dialyzed  as  .separate  pools  against  0.01  M  pho.sphate 
buffer,  pH  8.0,  and  following  dialysis,  their  absorption  at  280  niju.  was  de¬ 
termined.  Known  volumes  of  the  two  pools  were  combined  into  a  single 
imol  which  was  then  chromatographed  on  the  exchange  column.  During 
elution,  two  peaks  appeared,  corresponding  very  closely  to  the  position  of 
the  fractions  taken  from  the  original  elution  curve,  when  correction  was 
made  for  variation  in  the  volume  of  the  individual  fractions.  Calculated 
”alues  revealed  very  good  agreement  between  the  quantity  of  U-V  ab- 
orbing  material  recovered  in  each  of  the  two  peaks  and  the  quantities  ap¬ 
plied  from  the  corresponding  portions  of  the  original  elution  curve. 
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Batch  (),  prepared  from  a  single  sheep  thyroid  gland,  labelled  with 
in  vivo,  was  chromatographed  on  the  DKAK-cellulose  column  under  stand¬ 
ard  conditions.  Results  are  illustrated  in  Figure  5.  The  elution  pattern  ob¬ 
tained  was  virtually  identical  with  that  seen  in  Batches  4  and  o.  Both 
asymmetry  of  the  protein  elution  curve  and  non-uniform  labelling  were 
seen. 

Differences  in  absorption  spectra  between  early-  and  late-eluting  portions 
of  the  curve  in  Batch  G  were  the  same  as  those  described  for  Batches  4  and 


Fig.  4.  (Jradicnt  (diition  of  unlahcdi'd  tliyronlohulin  from  miiltiph'  slu'op  thyroid 
Inlands.  Fractions  in  the  area  indicated  liy  the  two  roctangles  were  pooled  and  rechro- 
matopraphed,  with  the  results  shown  in  the  lower  elution  curve. 


o,  preparations  which  contained  thyroglobulin  from  the  glands  of  multiple 
animals. 

Tryptic  hydrolysis  and  paper  chromatography  of  alternate  fractions  of 
the  entire  elution  curve  revealed  that  each  fraction  contained  iodide, 
mono-  and  diiodotyrosine,  thyroxine  and  triiodothyronine,  as  well  as  other 
unidentified  components.  Among  the  .several  fractions,  the  relative  propor¬ 
tion  of  iodinated  amino  acids  of  each  type  did  not  differ  significantly. 

Stable  iodine  analy.ses  were  performed  on  Fractions  21  and  81  of  the 
elution  curve  of  Batch  6.  Iodine  nitrogen  ratios  were  28.4  jug.  mg.  in  P’rac- 
tion  21  and  2().()  /xg.  mg.  in  Fraction  31.  Specific  activity  of  iodine  in 
P'raction  21  was  calculated  to  be  four  times  as  great  as  that  in  Fraction  81. 
Similar  re.sults  were  obtained  when  iodine  and  nitrogen  analyses  were  ob- 
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ained  in  early-  (2S.7  mS-  mg-)  and  late-eluting  (:U.2  /xg-  mg-)  fractions  of 
iateh 

Amino  aeid  analysis  of  early-  and  late-eluting  fraetions  from  Batch  0 
evealed  small  differences  in  the  percentage  composition  of  a  number  of 
mino  acids  (Table  1).  Marked  differences  in  two  respects  were  observed, 
irst,  early  eluting  fraetions  contained  considerably  more  valine,  and 
eeond,  late-eluting  fraetions  contained  a  component  which  was  com- 
)letely  absent  from  early-eluting  fractions.  This  component  has  been 


Fig.  o.  (inulicnt  elution  of  tliyroKlohulin  from  a  sin^lo  sheep  thyroid  gland,  labeled 
with  1'^'  in  vivo,  from  DEAlO-eelluIose  resin.  Chromatographic  conditions  the  same  as 
those  in  Figun*  1. 

tentatively  identified  as  a  hexosamine.  The  content  of  arginine  was  not  de¬ 
termined  in  early-eluting  fractions,  as  tubes  containing  that  portion  of  the 
amino  acid  elution  pattern  were  lost. 

Study  of  the  immunologic  complexity  of  the  whole  thyroglobulin-anti- 
thyroglobulin  system  was  performed  by  the  Ouchterlony  agar  plate- 
diffusion  techni(pie  (14).  In  this  .system,  two  distinct  bands  were  seen  in 
the  zone  of  interaction  between  antiserum  and  whole,  unfractionated  thy- 
roglobulin  (the  original  antigen).  The  same  two  bands  were  found  in  both 
early-  and  late-eluting  fractions  from  Batches  3  and  6.  A  small  band  was 
also  seen  when  antiserum  was  allowed  to  interact  with  sheep  serum,  but 
this  band  was  not  confluent  with  tho.se  obtained  during  the  interaction 
v.ith  thyroglobulin. 
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Table  1.  Amino  acii»  content  ok  early-  and  late-elctino 

KRACTIONS  OK  OVINE  THYROOLOBCLIN 


I 

Fractions 

18-20* 

11 

Fractions 

28-81 

Ill 

Fractions 

28-81 

.\sp:irti«* 

7.8 

0.0 

8.4 

Threoiiiiii* 

4.8 

5.7 

5.8 

Seriiu* 

7.0 

8.2 

7.0 

( ilutamii* 

l.T.  1 

10.0 

1 .5 . 5 

I’roliiu* 

7.8 

7.5 

7.0 

( ilvciiu* 

.'i.O 

.').8 

4.0 

.Vlaniiu* 

0..') 

0.0 

5.5 

('vstiiu* 

1.1 

0.0 

0.8 

Valine 

0..T 

5 . 7 

5  -H 

-Metliioiiine 

1  .2 

1  .2 

1 . 1 

Isoleueine 

2.0 

2.0 

2.4 

I.eiieine 

11.7 

10.8 

10.1 

Ilexo.sainine 

0.0 

1  .0 

1 .8 

Tvrosine 

:{.:t 

8.2 

8.0 

Fhenvlalanine 

7.8 

7.0 

0.5 

Ly.siue 

4.2 

8.. 5 

8.2 

.Vmniunia 

2 .2 

2.5 

2.8 

Histidine 

2.4 

2.4 

2 .2 

■Vrginine 

— 

— 

7.1 

*  Tillies  of  Moore  iuul  Stein  effluent  eontaining  arginine  lost.  Therefore,  for  purposes  of 
comparison  to  each  other,  values  in  fractions  18-20  and  (Columns  I  and  II)  ealeulated 

on  basis  of  content,  exelusive  of  arginine.  For  purposes  of  comparison  with  other  values  in 
the  literatim*.  Column  111  presents  values  for  fractions  'JS-fll,  including  arginine. 


DISCUSSION 

The  initial  observation  of  inhomogeneity  and  non-uniform  labeling  in 
the  thyroglobulin  extracted  from  a  pool  containing  the  glands  of  .several 
animals  .suggested  that,  despite  its  electrophoretic  homogeneity,  this  prep¬ 
aration  might  be  contaminated  with  another  protein  which  was  labeled 
little,  if  at  all.  This  po.ssibility  seemed  to  be  excluded  by  the  ultracentrif¬ 
ugal  experiments.  The.se  demon.strated  that  pools  of  both  highly-labeled 
and  slightly-labeled  fractions  had  similar  sedimentation  constants,  both 
being  in  the  characteristic  range  for  whole  thyroglobulin  (0,  8,  9).  Even  if 
it  had  contained  no  radioiodine  at  all,  the  small  rapidly-.sedimenting  moiety 
found  in  the  slightly-labeled  fractions  could  not,  by  virtue  of  its  low  con¬ 
centration,  have  accounted  for  the  low  P*'  X  ratio  of  these  fractions. 
Ultracentrifugal  ob.servations  also  served  to  exclude  partial  denaturation 
or  hydrolysis  of  the  protein  as  the  cause  of  the  apparent  inhomogeneity, 
since  neither  pool  displayed  the  characteristic  alterations  in  sedimentation 
behavior  which  occur  under  these  conditions  (15,  lb). 

Further  possible  explanations  were  as.se.s.sed  in  experiments  performed 
with  thyroglobulin  prepared  from  a  single  sheep  gland  labeled  iti  vivo.  Th< 
striking  similarity  between  the  elution  curves  in  this  preparation  and  in 
thyroglobulin  prepared  from  multiple  glands  served  to  exclude  animal  to 
animal  variation  as  a  source  of  inhomogeneity. 

Anotln  r  p  issibility  was  asi-es.sed  by  means  of  the  material  labeled  in  vivo 
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(t  has  been  reported  that  duriii};  in  vitro  iiieubation  of  tliyroid  slices  in 
!  ledia  containing  inorganic  I*®*,  the  principal  radioiodinated  products  are 
tdotyrosines,  while  iodothyronines  are  labeled  little  if  at  all  (17).  Possibly, 
reparations  of  thyroglobulin  might  contain  a  mixture  of  proteins,  similar 
!  i  most  respects,  but  varying  markedly  in  their  relativ'e  content  of  iodo- 
vrosines  and  iodothyronines.  In  tissue  labeled  in  vitro,  proteins  rich  in 
i  tdotyrosines  would  therefore  be  much  more  highly  labeled  than  proteins 
I  ontaining  predominantly  iodothyronines.  Furthermore,  the  pK’s  of  the 
•  tdotyrosines  are  higher  than  those  of  the  iodothyronines  and  proteins 
nch  in  the  former  might  be  expected  to  elute  from  the  column  at  a  higher 
Jill,  i.c.,  earlier  in  the  elution  curve.  These  considerations  might  explain 
the  findings  obtained  during  chromatography  of  thyroglobulin  labeled 
,n  vitro. 

During  in  vivo  labeling,  radioiodinated  thyroxine  and  triiodothyronine 
were  foimed.  It  was  possible  to  demonstrate  by  paper  chromatography 
ihat  the  fractions  obtained  throughout  the  elution  curve  all  contained  iodo- 
tyrosines  and  iodothyronines  in  approximately  the  same  proportions.  This 
(lid  not  prove  conclusively,  however,  that  the  stable  iodinated  amino  acids 
in  all  fractions  were  quantitatively  and  qualitativ’ely  the  .same,  since  the 
radioactive  components  found  in  late-eluting  fractions  may  merely  have 
been  portions  of  the  early-eluting  fractions  which  trailed  off  the  column. 
Nevertheless,  I'-V/N  ratios  in  the  two  extremes  of  the  elution  curve  were 
virtually  identical,  indicating  that,  whatever  their  chemical  nature,  iodi¬ 
nated  moieties  in  the  late-eluting  fractions  were  turning  over  v’ery  slowly. 

It  also  seemed  possible  that  the  curve  of  protein  elution  might  represent 
the  behavior  of  a  single  species  of  protein,  and  that  the  asymmetry  ob¬ 
served  was  merely  a  function  of  the  chromatographic  system.  This  possi¬ 
bility  was  rendered  unlikely  by  experiments  performed  with  unlabeled 
thyroglobulin.  Batch  :i.  Fractions  from  the  two  extremes  of  the  elution 
curve  were  pooled  and  rechromatographed.  During  rechromatography,  two 
peaks  were  obtained.  Had  asymmetry  of  the  elution  pattern  resulted 
merely  from  trailing  of  a  homogeneous  protein,  a  single,  asymmetrical 
peak,  .similar  to  the  first,  would  hav^e  been  expected  during  rechromatogra¬ 
phy.  The  appearance  of  two  peaks,  however,  .suggested  the  preseiice  of  two 
distinct  groups  of  components,  chromatographing  independently. 

This  experiment,  employing  uidabeled  thyroglobulin,  further  indicated 
lluit  the  asymmetry  observed  in  previous  experiments  could  not  be  ex- 
j)lained  by  radiation  damage  to  the  protein. 

.Vs  a  final  criterion  of  heterogeneity,  amino  acid  analyses  were  performed 
on  fractions  from  the  extreme  portions  of  the  elution  curve  of  thyroglobulin 
from  a  .single  gland  (Batch  (>).  Since  hydrolysis  of  protein  was  carried  out 
in  ()X  HCl,  analy.ses  for  tryptophane  could  not  be  obtained.  Small  differ¬ 
ences  in  the  percentage  composition  of  a  number  of  other  amino  acids  were 
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seen,  and  striking  ditTerences  were  found  in  the  content  of  valine  and  (  ‘ 
another  component,  prohahly  a  hexosamine.  Tlie  latter  component  wji  > 
found  only  in  the  late-eluting  fractions.  In  general,  values  for  the  varioiH 
amino  acids  in  both  groups  of  proteins  agreed  well  with  those  previousl.- 
reported  for  the  thyroglohulins  of  other  species,  studied  by  a  number  ( f 
ditferent  techni(jues  (9,  IS).  One  possible  discrepancy  between  the  presei  t 
values  and  those  reported  earlier  was  found  in  the  case  of  arginine.  Th  s 
has  been  reported  to  be  the  preponderant  amino  acid  in  thyroglobuliii, 
values  as  high  as  12.7%  having  been  noted  (9).  In  the  present  study,  as- 
ginine  constituted  but  7%  by  weight  of  the  proteins  in  the  late-elutinu; 
fractions.  Unfortunately,  loss  of  the  appropriate  samples  prevented  anal¬ 
ysis  for  arginine  in  the  earlier  fractions.  It  is  apparent,  however,  that  the 
arginine  content  of  these  fractions  would  necessarily  have  been  very  higli 
in  order  for  the  average  arginine  content  of  the  entire  batch  to  have  been 
12%.  .Alternatively,  the  low  arginine  content  of  the  late-eluting  fractions 
might  be  explained  by  the  relative  resistance  of  some  of  the  arginine  bonds 
in  thyroglobulin  to  acid  hydroly.sis  (19).  A  further  difference  between  the 
present  and  previously  noted  values  was  seen  in  the  content  of  valiiu'. 
Present  values  of  from  5.7  to  9.5%,  obtained  in  the  sheep,  are  far  higlu'r 
than  those  reported  for  the  porcine  protein  (9). 

Considered  together,  the  present  observations  thus  indicate  that  even 
within  the  thyroid  gland  of  a  single  animal,  thyroglobulin  is  not  entirely 
homogeneous,  but  rather  may  be  a  complex  mixture  of  closely  related 
proteins.^  Preliminary  studies  have  revealed  similar  complexity  in  thyro¬ 
globulin  extracted  from  human  material  (20).  The  precise  relationship  of 
the  present  findings  to  the  earlier  demonstration  that  thyroglobulin  aj)- 
pears  to  be  composed  of  three  moieties,  as  judged  by  solubility  character¬ 
istics,  remains  unclear.  .Although  many  of  the  observations  herein  pre¬ 
sented  were  made  in  fractions  expected  to  display  maximum  differences,  it 
seems  likely  that  between  these  extremes  there  lies  a  spectrum  of  closely 
related  proteins.  It  is  noteworthy  that  the  present  techniques,  although 
effective  in  separating  these  moieties  at  least  partially,  did  not  resolve  the 
apparent  immunological  complexity  herein  demonstrated  for  sheep  thyro¬ 
globulin,  and  previously  noted  in  human  material  (21). 

The  physiological  significance  of  these  findings  is  obscure.  However,  one 
possible  explanation  for  heterogeneity  of  thyroglobulin  arises  from  the  ob¬ 
servation  that  within  a  single  thyroid  gland,  individual  follicles  may  show 
differing  degrees  of  activity  (22,  23).  It  seems  pos.sible,  therefore,  that  the 
different  thyroglohulins  noted  in  the  present  study  may  be  the  products  of 
follicles  of  varying  function.  Extension  of  studies  to  include  the  thyro- 

*  .\ttom|)ts  to  correlate  the  chromatographic  behavior  of  the  various  fractions  \vi  h 
their  amino  acid  and  carbohydrate  contents,  and  with  their  si)ectral  absori)tion  curvi 
are  beyond  the  sco|)e  of  the  jiresent  communication,  and  will  be  |)r(‘s('nted  elesewhe'c. 
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globulin  of  normal  and  abnormal  human  or  animal  glands  might  clarify 
his  relationship.  In  addition,  the  function,  if  any,  of  protein-bound  carbo- 
lydrate,  including  hexosamine,  in  which  the  thyroid  gland  is  relatively 
ich  (IS,  2:i-2o),  seems  to  merit  attention,  especially  since  hexosamine  was 
ound  only  in  fractions  of  thyroglobulin  whose  iodine  was  turning  over 
lowly. 

Finally,  it  is  of  interest  that  differences  in  rates  of  iodination  are  accom- 
)anied  by  variations  in  the  chemical  composition  or  configuration  of  thyro- 
dobulin.  Recent  studies  suggest  that  the  synthesis  of  iodinated  amino 
icids  in  vivo  cannot  be  divorced  from  the  synthesis  of  thyroidal  protein, 
ind  that  the  two  processes  are  either  related,  or  at  least  occur  pari  passu 
20).  Relevant  to  these  observations,  is  the  demonstration  of  abnormal 
uuloproteins  in  the  plasma  of  some  patients  with  thyroidal  carcinoma 
2()),  congenital  goiter  (27),  or  adult  non-toxic  goiter  (28).  Abnormal 
ihyroglobulins  have  also  been  found  in  carcinomatous  thyroid  tissue  (29) 
In  these  abnormal  proteins,  hormonally  active  iodinated  amino  acids  are 
not  found.  Thus,  the  relation  between  abnormal  protein  synthesis  and  dis¬ 
ordered  hormonal  biogenesis  would  seem  to  merit  further  investigation. 
Such  studies  are  now  in  progress. 
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rHK  KFFE(T  OF  VARIOUS  THYROXINE  ANALOGUES  ON 
SUPPRESSION  OF  P^»  UPTAKE  BY  THE  RAT  THYROIIT 


WILLIAM  L.  MONEY,  ROBERT  1.  MELTZER,  DIANE 
FELDMAN  and  RULON  W.  RAWSON 

Slonn-Kf  U(-ring  I nstitute  for  Cancer  Research  of  the  Memorial  Center, 

Xew  York',  Xew  York  and  the  Warner-Lambert  Research  Institute, 

Morris  Plains,  Xew  Jersey 

ABSTRACT 

Forty-live  (liffcrent  thyroxine  iinalosues  have  been  compared  to  /-thyroxine 
for  tlieir  ability  to  decrease  tlie  thyroid  collection  of  1'”  in  tin*  rat.  On  a  weight 
basis  oidy  3,o,3'-triiodo-/-thyronine  was  found  more  effective  than  /-thyroxim*. 
Comi)ounds  containing  iodine  were  all  capable  of  producing  some  inhibition 
j)roviding  the  dosage  was  adecjuate. 

The  (lose  of  thyroid  hormone,  within  limits,  can  he  directly  related  to 
thyroidal  uptake  of  P®‘  in  experimental  animals.  This  method  has 
been  u.sed  in  the  present  report  to  assay  the  relative  effectiveness  of  thyrox¬ 
ine  analogues  in  blocking  uptake  of  radioiodine  in  rats. 

METHODS  AND  MATERIALS 

Ai)i)roximately  2,.o00  male  rats  of  the  Sijrague-Dawley  strain  (Charles-Rivcr  Brc(‘d- 
iiig  Laboratories,  Boston,  Massachusetts)  ranging  in  weight  between  7.5-125  gm.  w('re 
used  in  this  study.  They  were  selected  so  that  the  average  body  weight  of  each  group 
was  essentially  identical  within  each  separate  experiment.  .Vt  the  start  of  each  study 
unimals  were  placed  on  a  low  iodine  diet  (1)  and  given  0.1%  thiouracil  in  drinking 
water.  After  5  days  of  this  treatment  the  water  containing  thiouracil  was  replaced  with 
ordinary  tap  water  which  was  continued  to  the  termination  of  the  experiment.  Twenty- 
four  hours  after  the  thiouracil  was  stopped,  dailv  subcutaneous  injections  of  the  te.st 
analogues  were  started.  These  were  administered  for  5  days  and  24  hours  after  the  last 
injection  all  animals  were  given  a  single  intraperitoneal  injection  of  0.1  /ic.  of  P’L  These 
animals  along  with  a  control  group  of  a  similar  number  of  uninjected  rats  and  a  group 
maintained  on  regular  laboratory  diet  were  autoi)sied  24  hours  after  the  administration 
of  1”'.  .\t  autopsy  the  thyroids  were  removed,  dissected  free  of  extraneous  tissue,  weighed 
on  a  Roller-Smith  balance  and  placed  in  5  cc.  vials  containing  a  standard  volume  of 
llouin’s  solution.  Radioactivity  was  determined  using  a  well-type  scintillation  counter 
:ind  the  thyroid  uptake  of  calculated  using  an  appropriate  standard. 

In  any  given  experiment  .3  do.ses  of  each  analogue  (dissolved  as  previously  described 
(2)  and  injected  in  a  volume  of  1  cc.)  were  assayed  with  ,5-10  animals  per  group.  Cal- 
I  ulations  for  relative  potency  compared  with  /-thyroxine  were  made  as  follows.  Actual 
data  obtained  from  an  assay  were  plotted  on  semi-log  j)ai)er  and  the  dose  of  the  analogue 

'  This  investigation  was  supported  in  part  by  grants-in-aid  (EDC-20C,  P-.50,  I’-81) 
irom  the  American  Cancer  Society.  It  also  received  support  in  part  from  a  research  grant 
(’-2052)  from  the  National  Cancer  Institute,  Public  Health  Service  and  the  .\tomic 
i’.ncrgy  Commission  under  contract  No.  AT(30-l)-9l0.  Presented  at  the  19.5H  Meeting 
f  the  American  (loiter  .Vssociation. 
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T.XBI.E  1.  HeL.XTIVE  l.XHIBITORY  .\CTIVITY  (H..\.)  OF  V.YRIors 
IX  BLOCKIXr.  ri'T.YKE  OK  I*’*  BY  THE  R.VT  THYROID 

.VX.\1,0(UES 

Thyronine  series 

('ompoiind 

HA 

1-thyroxine 

100 

d-thyroxine 

50 

dl-thyroxine 

40 

:{,5,:{',5'-tetrachloro-dl-thyronine 

<1  .5 

:{,5,:i'-triiodo-l-thyronine 

dOO 

;i,:i',5'-triiodo-dl-thyronine 

7.5 

:{,5-diiodo-l-thyronine 

:{7 

:{,:i'-diiodo-dl-thyronine 

100 

;i-iodo-dl-thvronine 

50 

1 -nit  ro-.5-(C{, 5-dinit  rot  hvromethvlene) 

hydantoin,  methyl  ether 

<:i 

Hutyric  series 

:{,5,8',5'-tetraiodothyrobutyric  acid 

:jo 

;{,5,:i'-triio<lothyrobutyric  acid 

7.5 

:i,.5-diiodot  hyrobutyrie-  acid 

00 

Acrylic  series 

:i,5,8',5'-tetraiodothyroacrylic  acid 

50 

Propionic  series 

:i,5,:i',5'-tetraiodothyropropionic  acid 

00 

:{,5,:i'-triiodothyropropioni<‘  acid 

00 

:{,:r,5'-triiodothyroproi)ionic  acid 

.50 

:{,.5-iliio<iothyropropionic  acid 

10 

:i,.5-diiodothyromethylmalonic  acid,  methyl  ether,  diethyl  ester 

2t) 

'-diiodot  hy ropropionie  aeid 

25 

:i-iodothyropropionic  acid,  methyl  ether 

17 

:{-:imiiiothyroi)ropioiuc  acid  Inactivo 

ll-aiiiinothyropropionic  acid,  methyl  ether  <().:i 

:{-aminothyropropionie  acid,  methyl  ether,  ethyl  est<*r  Inactive 

:i,o-diaminothyromethylmalonic  acid,  methyl  ether,  diedhyl  ester  Inactive 

;i-nitrothyroacrylic  acid,  methyl  ether  <1  ,"j 

:{-nitrothyroaerylic  acid,  methyl  ether,  ethyl  ester  Inactive 

:{,5-dinitrothyromethylenemalonic  acid,  methyl  ether,  diethyl  ester  <1  .ij 

Acetic  series 


:i,5,:V,5'-tetraiodothyroacctic  acid  75 

:{,5,3'-triiodothyroacetic  acid  75 

:{,:i',5'-triiodothyroacetic  acid  15 

:i,5,:i'-triiodothyroacetic  acid,  methyl  ether  :{7 

:{,5-diiodothyroacetic  acid  18 

:i,5-diiodothyroacetic  acid,  methyl  «‘ther  .511 

:i,8'-diiodothyroacetic  acid  25 

:{-iod()thyroacetic  acid  :i:i 

:i,5-diaminothyroacetic  acid,  methyl  ether  7.5 

8, 5-dinit rothyroacetic  acid,  methyl  ether  Inactive 

:{,5,8'-trinitrothyroacetic  acid,  methyl  ether,  ethyl  ester  Inactiv»‘ 

Formic  series 

:i,5,8',5'-tetraiodothyroformic  acid  It) 

:i,5,:V-triiodothyroformic  acid  15 

:{,5-diiodothyroformic  acid,  methyl  ether,  methyl  ester  15 

8,5,8'-triaminothyroformic  acid,  methyl  ether,  imdhyl  (‘ster  Inactive' 

:{,5-diaminothyroformic  acid,  methyl  ether,  methyl  ester  Inactive 

:{,.5-(linitrothyroformic  acid,  methyl  ether  Inactive 

:{,5-dinitrothyroformic  acid,  methyl  ether,  methyl  ester  Inactive 


necessary  to  produce  a  control  (untreated  animals  on  regular  diet)  uptake  of  radioiodiie 
read  off  from  the  graph.  The  dose  of  /-thyroxine  necessary  to  produce  this  effect  \va 
consist(‘ntly  het\v(>en  10  and  15  pg.  This  figure  was  arbitrarily  assigned  a  value  of  100 
and  calculations  were  made  for  the  analogue's  to  give  a  relative  potency  in  terms  o' 
/-thyroxine.  These  values  are  shown  in  Table  1.  .\  compound  showing  no  ability  to  lowe- 
uptake  even  in  doses  of  500  pg.  daily  is  reported  as  inactive. 


January,  tOoO  THYROXINE  AXALOGEES  AND  THYROIDAL  I'^' 


125 


RESULTS  AM)  DISCUSSION 

The  (lata  in  Table  1  were  obtained  using  4G  diflerent  conipounds.  Most 
of  these  compounds  were  also  tested  at  the  same  time  for  their  ability  to 
produce  metamorphosis  of  the  tadpole  as  has  been  reported  (2).  Similarly, 
tlie  determination  of  the  antigoitrogenic  and  calorigenic  activities  of  the 
analogues  have  been  determined  in  rats.  These  latter  studies  are  reported 
in  the  present  issue  of  EndocriiwUnjy.  The  reader  may  find  the  structural 
formulae  of  the  compounds  in  Table  1  by  referring  to  the  paper  of  Stasilli 
el  al. 

It  is  apparent  from  Table  1  that  under  the  conditions  used  only 
Iriiodo-Mhyronine  is  more  effective  on  a  weight  l)asis  than  /-thyroxine  in 
l)locking  the  uptake  of  by  the  rat  thyroid.  Whether  other  compounds 
would  prove  to  be  more  effective  at  times  other  than  24  hours  after  I'®'  was 
not  determined.  It  is  of  interest  that  only  one  analogue  showed  the  same 
relative  inhibitory  activity  as  /-thyroxine. 

It  seems  rather  unlikely  that  the  number  of  atoms  of  iodine  in  the  mole¬ 
cule  is  the  chief  factor  involved  in  blocking  thyroidal  I***  collection.  For 
example,  d-thyroxine  appears  to  be  only  one-half  as  effective  as  the  /-isomer 
while  (/-/-thyroxine  is  no  more  active  than  the  (/-form.  In  the  triiodinated 
(‘ompounds,  as  was  found  in  tadpole  metamorphosis  (2),  in  general  the 
4,5,3 '-analogues  appear  to  be  somewhat  more  effective  than  the  4,4 ',5' 
compounds.  All  analogues  which  contained  iodine  manifested  various  de¬ 
grees  of  inhibitory  effect  on  the  uptake  of  I'®‘  when  given  in  adequate 
doses.  On  the  other  hand  few  non-halogen  containing  compounds  showed 
evidence  of  inhibitory  activity. 

Other  studies  (2,  4)  have  pointed  out  the  difficulties  encountered  in 
studies  using  thyroxine  analogues.  The  major  problems  in  obtaining  valid 
data  are  the  purity  and  stability  of  the  compounds.  The  latter  problem 
has  been  considered  (4)  in  some  detail  and  was  realized  when  the  present 
studies  were  done.  However,  as  has  been  pointed  out  (4)  degradation  of 
some  of  the.se  compounds  does  occur.  How  much  and  in  what  way  the 
l)resent  results  may  have  been  altered  by  this  degradation  is  at  present  not 
certain. 
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ABSTRACT 

Tho  metabolism  of  thyroxine,  triiodothyronine  and  their  aeetic  and  propionie 
acid  analogues  lias  been  studied  by  plaeing  these  labelled  substrates  in 
buffered  medium  with  or  without  added  tissue.  Spleen,  kidney  and  liver  sliees, 
homogenates  and  fraetions  of  homogenates  were  used.  Samples  of  medium 
and,  or  homogenized  sliees,  usually  after  three  hours’  incubation  at  37°  C,  were 
ehromatographed  and  quantitated  by  strip  counting.  The  only  product  of 
deiodination  detected  was  iodide.  When  thyroxine  endogenously  labelled  with 
was  used,  no  3,  5  diiodothyronine  or  other  partially  deiodinated  thyronines 
or  derivatives  were  formed,  although  activity  was  low  and  small  amounts  of 
other  products  could  not  be  ruled  out.  Deiodination  was  inhibited  by  a  nitrogen 
atmosphere,  boiling,  heavy  metals,  cyanide,  2  methyl  1,  4  naphthoquinone, 
a  chelating  agent  (Versene),  and  estrogenic  substances.  Xo  antithyroid  sub¬ 
stances,  including  iodide  and  jiropylthiouracil,  had  any  effect;  iodinated  tyro¬ 
sines  and  organic  iodine  compounds  had  no  effect.  .\11  tetra  and  tri  iodinated 
thyronines  inhibited  the  deiodination  of  other  tetra  and  tri  iodinated  thy¬ 
ronines,  often  commensurate  with  the  degree  of  their  own  deiodination.  Only 
one  iodinated  compound,  other  than  these,  was  an  effective  inhibitor:  X-butyl 
para  hydroxy  diiodobenzoate. 

/.V  VIVO  and  in  vitro  studies  of  thyroxine  and  triiodothyronine  have 
indicated  several  pathways  of  metal)oIism  involving  deiodination,  de¬ 
carboxylation  and  deamination.  Ciross  and  Leblond  (1)  gave  thyroxine 
labelled  with  to  thyroidectomized  mice  and  found  radiotriiodothyro¬ 
nine  (unknown  1)  in  the  organs.  The  conversion  of  thyroxine  to  triiodo¬ 
thyronine  by  kidney  slices  has  been  demonstrated  (2),  although  the  chro¬ 
ma  ographic  differentiation  of  triiodothyronine  from  the  acetic  or  propi¬ 
onic  acid  analogue  of  thyroxine  has  been  questioned  (d).  Deiodination  of 
radiothyroxine  and  radiotriiodothyronine  by  rat  skeletal  muscle  homog¬ 
enates  (4)  resulted  in  the  formation  of  radioiodide  and  small  amounts  of 
other  unidentified  products;  whereas,  rat  brain  homogenates  (3)  formed 
significant  amounts  of  the  acetic  and/or  propionic  acid  analogues  in  addi¬ 
tion  to  iodide,  and,  occasionally,  small  amounts  of  triiodothyronine.  Rat 
kidney  homogenate  and  mitochondria  incubated  with  radiothjroxine  did 
not  re.'^ult  in  the  formation  of  triiodothyronine  or  iodide  but  rather  in  the 
acetic  acid  analogue  (o).  Similar  studies  with  radiotriiodothyronine  indi¬ 
cated  that  the  acetic  acid  analogue  was  the  product  formed  (5).  Roche  (0) 

'  I’ri'scntvd  at  tho  1958  Mooting  of  tho  .\morican  fJoitor  .Vssooiatioii. 
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I  al.  liave  demonstrated  that  the  kidneys  of  thyroidectomized  rats  treated 
with  radiotriiodothyronine  contain  radiotriiodothyroacetic  acid  and  (7, 
s)  that  the  pyruvic  acid  analogues  are  found  in  the  urine  and  bile  after  tlie 
njection  of  radiothyroxine  and  radiotriiodothyronine.  Taurog  ct  al.  (B) 
'lave  indicated  that  conjugation  of  thyroxine  with  glucuronic  acid  occurs 
.11  the  presence  of  liver  slices. 

Tissue  deiodinating  .systems  (2,  4)  were  inhibited  by  boiling.  Anaerobic 
•onditions  (8,  4)  did  not  affect  the  re.sults  but  cyanide  (2,  3),  iodide,  (2) 
ind  mercuric  chloride  (3)  were  effective  inhibitors. 

The  present  study  on  the  metabolism  by  tissue  preparations  of  thyroxine 
uid  triiodothyronine  attempts  to  clarify  the  products  formed,  the  effect  of 
carious  substances  added  to  the  medium  with  particular  emphasis  on 
•ompounds  known  to  affect  the  thyroid,  enzyme  inhibitors  and  other 
lodinated  compounds,  and  the  specificity  of  the  enzyme  system  responsible 
for  deiodination. 

METHOD 

Livers,  spleens,  muscle  and  kidneys  were  obtained  from  normal  Sprague-Dawley  male 
rats  (200-250  gm.)  killed  by  ether.  Slices  were  cut  freehand  (0.5-1. 5  mm.)  and  placed 
200-300  mg.)  in  2  ml.  of  modified  Krebs-Ringer-phosphate  solution  (CaCU  8X  10“L1/) 
at  pH  7.4  to  which  2-3  yc.  of  labelled  (as  obtained  from  Abbott  Labs)  /-thyroxine, 
1-3, 5,3'  triiodothyronine,  tetraiodothyroacetic  or  propionic  acid,  l-3,5,3'  triiodothyro- 
acetic  or  propionic  acid  had  been  added.  The  tubes  were  incubated  at  37°  C  with  con¬ 
stant  shaking  for  3  hours.  Substrate  concentrations  of  2.6X10~^.1/  to  5.()X10~'“.U  were 
obtained  by  adding  the  appropriate  amount  of  carrier.  Homogenates  were  similarly 
treated.  Fractionation  of  tissue  homogenized  in  0.25.U  sucrose  solution  was  accomplished 
by  differential  centrifugation  (modified  Hageboom).  The  following  fractions,  in  a  con¬ 
centration  of  400  mg.  of  tissue  per  4  ml.  were  then  treated  as  above:  whole  homogenate, 
nuclei  and  debris,  mitochondria,  microsomes,  supernatant  and  a  combination  of  mito- 
chrondria,  microsomes  and  supernatant,  .\fter  incubation  (slices  were  homogenized)  an 
aliquot  (20X)  was  placed  on  paper  and  chromatographed  in  t-amyl  alcohol  saturated 
with  2A’^  NH4OH  (descending)  and/or  n-butanol-acetic  acid-water  (78-10-12).  In  several 
experiments  the  five  solvent  sy.stems  noted  below  were  used.  Known  carrier  spots*  were 
identified  with  ninhydrin  or  ceric  sulfate-arsenious  acid.  The  strips  were  exi)osed  to  .\-raj- 
lilm  and  counted  on  a  strip  counter  (Nuclear-Chicago).  Planimeter  measurements  were 
made  for  quantitation. 

Thyroxine  labelled  endogenou.sb'  with  radioiodine  was  obtained  by  feeding  rats  i)ro- 
pylthiouracil  (0.3%)  for  4  days  and  discontinuing  it  18  hours  prior  to  injecting  100  juc. 
of  radioiodine.  Twenty-four  hours  later  the  rats  were  sacrificed,  thyroid  glands  removed, 
homogenized,  hydrolj  zed  bj’  pancreatin  for  24  hours  in  K-R-P  at  pH  7.4  and  extracted 
with  butanol  saturated  with  acidified  water  (])H  3.5).  The  extract  was  then  evaporated, 
'(‘dissolved  in  a  small  amount  of  butanol  and  chromatographed  in  t-am}’!  alcohol  satu- 
lated  with  2N  NH4OH.  The  radio-thyroxine  spot  was  eluted  with  butanol  and  acidified 
water,  evajiorated  to  dryness  and  redissolved  in  50%  propylene  glycol.  The  iodine  con- 
lent  of  this  material  was  10“*.U  as  determined  by  a  modified  Barker  technique.  An 
iliquot  of  this  endogenously  labelled  radiothyroxine  was  added  to  tubes  with  rat  liver 
I  ices.  At  6  hours  a  .sample  of  the  medium  was  placed  on  paper,  the  tissue  was  homogc;- 

*  Thj’roxine,  3,5,3'  triiodothyronine,  and  the  propionic  and  acetic  acid  analogues  were 
indly  supplied  by  Dr.  Michael  Barry  of  Warner-Chilcott  Laboratories. 
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iiized  and  placed  <»n  paper  directly  or  extracted  with  butanol  and  acidified  water.  The 
extract  was  evaporated  to  dryness  and  redissolved  in  0.5  cc.  butanol  and  acidified  water. 
Five  solvent  systems  were  used  for  chromatography:  t-amyl  alcohol-ammonium  hy¬ 
droxide,  butanol-dioxane-ammonium  hydroxide,  collidin(>-water  in  an  atmosi)here  of 
ammonia,  butanol-acetic  acid-water  and  butanol-ethanol-ammonium  hydroxide.  In  one 
experiment  the  rats  were  injected  with  radioiodinc  without  prior  treatment  with  propyl¬ 
thiouracil.  .Vfter  incubation  with  pancreatin,  the  medium  was  directly  chromatographed 
without  extraction  and  tlu*  areas  of  tlnroxine  and  triiodothyronine  were  cut  out  and 
l)laccd  directly  in  the  control  or  liver  tubes.  .\t  4  hours  the  medium  was  placed  on  pajjer. 

RESULTS 

Dfiodination  of  thyroxine  and  triiodothyronine  and  the  products  formed 

The  major  portion  of  deiodination  occurred  within  three  hours  and  only 
minor  changes  occurred  thereafter.  Temperatures  of  0°  C  completely  in¬ 
hibited  and  50°  C  and  70°  C  reduced  the  amount  of  deiodination;  37°  C 


T.\B1,E  1.  DeioIUN  ATIOX  OF  I.-THYROXI\E  .\XI)  L-a,0,:U-TRIIor)OTHYROXI.\E  BY  RAT  I.IVER, 
KIDNEY,  AND  SCI.EEX  SLICES  (250  .\IO./:i  CC.)  IXCCBATEI)  FOR  '.i  IIOCRS 


I.-thyroxine  7.()X1()“^M* 
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0.0 

Liver 
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54 . 0 

10.0 

05 . 7 

27.7 
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Spleen 

04 .  li 

28.0 

0.5 

80.0 

10.5  i 

2.0 

Kidney  (Cortex) 

44.  :i 

50.0 

5.7 

04.0 

:«).7 

5.3 

*  Note  that  concentration  of  T4  is  :{5XT:{. 

t  Hepresents  radioactivity  staying  at  the  origin  in  t-ainyl  alcohol  saturated  with  2N’ 
XlltOll.  In  occasional  experiments  there  were  traces  of  unknowns  and  material  at  the 
front. 


seemed  to  be  optimal.  Table  1  illustrates  the  degree  of  deiodination  of 
thyroxine  and  triiodothyronine  when  incubated  with  liver,  spleen,  or  kid¬ 
ney  slices.  Liver  and  kidney  (and  muscle)  were  active  whereas  spleen  was 
only  slightly  active.  At  three  hours  there  was  more  deiodination  of  thyrox- 
itie  than  triiodothyronine  (Table  1),  indicating  that  thyroxine  was  more 
rapidly  deiodinated. 

Iodide,  released  from  the  deiodination  of  thyroxine  and  triiodothyronine, 
was  present  in  the  medium.  Small  amounts  of  material  travelling  at  the 
front  were  not  considered  significant.  As  much  as  10%  (and,  on  one  occa- 
.sion,  20%)  of  the  total  radioactivity  remained  at  the  origin  on  chromatog¬ 
raphy.  Although  small  amounts  stayed  at  the  origin  from  tubes  without 
tissue,  the  amount  at  the  origin  increased  markedly  in  the  presence  of  tis¬ 
sue.  This  was  presumably  iodinated  protein  or  thyroxine  and  protein  com- 
plexed  so  as  to  be  insoluble  in  t-amyl  alcohol,  though  it  was  not  hydrolyzed 
and  rechromatographed.  Unidentified  compounds  occurred  sporadically, 
the  most  frequent  one  having  an  Rf,  in  t-amyl-ammonium  hydroxide,  be¬ 
tween  those  of  iodide  and  thyroxine.  This  unidentified  material  was  present 
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ill  the  control  tubes  and  diminislied  markedly  after  incubation  with  liver 
slices.  When  butanol-ethanol-ammonium  hydroxide  was  used  as  a  solvent, 
i  radioactive  spot  just  above  the  origin  often  appeared  after  incubation. 
Since  this  spot  also  appeared  when  radioactive  iodine  alone  was  chromato¬ 
graphed,  it  was  felt  to  be  an  oxidized  derivative  of  iodide.  In  some  in¬ 
stances,  chromatography  of  thyroxine  labelled  with  radioiodine  (Abbott) 
111(1  incubated  in  control  tubes  for  three  hours  without  tissue  would  result 
111  six  distinct  spots  in  t-amyl  alcohol-2X  XH4()H  while  only  two  distinct 
spots  (iodide  and  thyroxine)  were  noted  in  butanol-ethanol-2X  XH4OII. 
These  spots  of  unknown  compounds  were  all  diminished  in  amount  when 
the  thyroxine  was  incubated  with  liver  slices.  A  (piestion  arises  as  to 
whether  these  various  spots  represent  compounds  originally  present  or 
•actitiously  produced  by  the  action  of  t-aniyl  alcohol.  It  is  of  interest  that 


Tabi.k  2.  Activity  of  i.ivkh  fkactions  in  I)f:ioih\atio\  ok  i.-tiiyronink 


L-thyroxinc  2.()XH> 
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45.8 

84.2 

20.0 
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41.0 
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24 . 1 
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Mitochondria 

89.0 

42 . 7 

18.8 
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74.9 

20.8 

4.8 

Suiiernatant  fluid 

!  .58.  :5 

29 . 7 

12.0 

Mitochondria,  inicrosoincs  and  su|)(‘rnatant 

82.2 

.50.0 

1  1  .8 

(’ontrol 

7.5 . 2 

10.2 

8.0 

carrier  thyroxine  is  more  difficult  to  demonstrate  by  ninhydrin  stain  after 
chromatography  with  t-aniyl  alcohol  solvent  than  with  butanol-cthanol- 
amnionium  hydroxide. 

Localization  of  dciodi nation  and  the  cfj'cctis  of  anaerobiosis  and  boiliiaj 

Slices,  homogenate,  mitochondria,  and  the  combination  of  mitochondria, 
niicrosomes  and  supernant  were  all  active  in  the  deiodination  of  thyroxine 
(Table  2).  Xuclei  and  debris,  niicrosomes  and  supernatant  fluid  were  much 
k'ss  active  indicating  that  the  mitochondria  was  the  most  active  of  the  cell 
fractions.  Anaerobic  conditions  inhibited  the  deiodination  of  thyroxine  by 
slices  and  mitochondria  and  of  triiodothyronine  by  slices.  Boiling  ten  min¬ 
utes  markedly  reduced  the  deiodination  of  thyroxine  by  slices  and  mito¬ 
chondria  and  of  triiodothyronine  by  slices.  Thirty  minutes  boiling  of  the 
iiomogenate  did  not  affect  the  deiodination  of  thyroxine  or  triiodothyro¬ 
nine,  although  sixty  minutes  of  boiling  inhibited  to  a  moderate  extent. 

hlffect  of  substrate  concentration 

Increasing  the  concentration  of  /-thyroxine  and  /-triiodothyronine  above 
ihysiological  levels  markedly  reduced  the  per  cent  of  radioactive  material 
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(leiodinated  by  slices  and  homogenates.  At  10“'’  M  the  per  cent  deiodinated 
of  both  is  so  low  as  to  be  immeasurable.  .\t  10“'  M  thyroxine  is  80-90% 
deiodinated.  Triiodothyronine  at  10“**  M  is  only  50%  deiodinated.  There 
is,  then  a  marked  difference  between  the  quantity  of  thyroxine  and  tri¬ 
iodothyronine  which  can  be  deiodinated  by  liver  slices  or  homogenates 
during  an  equal  period  of  time. 

Inhibition  by  various  compounds  of  dciodination 

The  deiodination  of  thyroxine  and  triiodothyronine  by  liver  slices  and 
homogenates  is  markedly  inhibited  by  mercuric  chloride  and  n-butyl 
parahydroxy,  3,5-diiodobenzoate  (BHDB)  (Table  3).  Deiodination  by 
mitochondria  is  not,  however,  affected  by  BHDB  (Table  3).  Less  marked, 
but  definite,  was  the  inhibition  by  other  heavy  metals  (cupric  chloride, 
cobaltous  sulfate),  some  phenols  (resorcinol,  estradiol),  a  quinone  (2- 
methyl  1,4-naphthoquinone),  a  chelating  agent  (ethylene  diamine  tetra 
acetic  acid),  and  an  oxidative  enzyme  inhibitor  (sodium  cyanide,  not 
charted).  The  results  with  hydroipiinone  and  silver  nitrate  were  difficult 
to  interpret  due  to  their  effect  on  the  chromatographic  characteristics  of 
iodine  compounds  (10).  The  estrogenic  substances,  estrone  and  estradiol, 
were  effective  inhibitors  whereas  corticosterone,  hydrocortisone,  desoxy- 
(‘orticosterone,  testosterone  and  progesterone  were  ineffective.  Heserpine 
and  thyronine  had  no  effect.  Sodium  azide  may  hav’e  had  a  slight  inhibi¬ 
tory  effect  but  the  following  compounds  had  no  effect:  compounds  which 
affect  thyroid  function  (iodide,  Tapazole,  propylthiouracil,  sulfanilamide, 
potassium  thiocyanate),  other  iodinated  compounds  (iodide,  monoiodo- 
tyrosine,  diiodotyrosine,  3,5-diiodothyronine,  Teridax,®  Priodax,^  Telc- 
paque’),  a  specific  sulfhydryl  group  inhibitor  (parachloromercuribenzoate). 

The  deiodination  of  acetic  and  propionic  acid  analogues  of  thyroxine  and  tri¬ 
iodothyronine 

The  deiodination  of  the  acetic  acid  analogues  of  thyroxine  and  triiodo¬ 
thyronine  (about  0-10%)  by  liver  slices  (Fig.  1)  or  muscle  homogenate-^ 
(Table  4)  was  much  less  than  the  deiodination  of  thyroxine  (about  75- 
90%)  and  probably  less  than  the  deiodination  of  triiodothyronine  (about 
30%).  The  deiodination  of  propionic  acid  analogues  of  thyroxine  and  tri¬ 
iodothyronine  (30-45%)  by  liver  slices  (Fig.  1),  though  less  than  the 
deiodination  of  thyroxine  (80%),  was  about  the  same  as  triiodothyronine, 
whereas  deiodination  of  propionic  acid  analogues  by  liver  and  muscle 
homogenates  (Table  4)  was  about  the  same  as  the  acetic  acid  analogues.  It 
is  of  interest  that  triiodothyropropionic  acid  was  slightly  more  deiodinated 
than  tetriiodothyropropionic  acid  (Fig.  1),  tlie  only  triiodo  form  of  thyro- 

*  /3(5-hy(lroxy  2,4,6  triiodophenyb-o'-ethyl  propionic  acid. 

*  /(J(4-hydroxy  3, .5  diiodophcnyl)-a-plicnyl  propionic  acid. 

*  /3(3-aniino  2,4,6  triiodophenyl)-a-ethyl  propionic  acid. 


Table  3.  Deiodination  of  l-thyro.\i.\e  and  1-3,5,3'-thiioi)otiiyko.\i\k  by  hat  i. 
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Fig.  1.  The  (Iciodination  of  tho  acetic 
aiul  proi)i()nic  acid  analogues  of  thyroxine 
and  triiodotliyronine  (10~“  .1/)  by  rat  liver 
slices.  The  same  subscript  numbers  indi¬ 
cate  the  same  experiment.  \  different  ex- 
p(‘rimeut  (Table  IV)  indicated  that  there 
was  slight  deiodination  of  the  acetic  acid 
analogues. 


nine  studied  to  he  deiodinated  at  least  as  easily  and  rapidly  as  the  tetra- 
iodo  form. 

Inhibition  of  dviodinotion  by  other  iodinoted  thyroninca  and  the  aeid  ono- 
loynes 

Table  o  indicates  that  the  deiodination  of  radiothyroxine  and  radiotri¬ 
iodothyronine  was  inhibited  by  1()~^  .1/  carrier  tliyroxine,  triiodothyronine, 
and  their  acetic  and  propionic  acid  analogues.  The  deiodination  of  thyrox¬ 
ine  was  inhibited,  in  order  of  decreasing;  inaKnitnde,  by  thyroxine,  tri¬ 
iodothyronine,  propionic  acid  analojiues  and  acetic  acid  analofrues.  Tri¬ 
iodothyronine  was  iidiibited  about  equally  by  all  the  iodinated  thyronines 
tested  though  possibly  less  by  the  acetic  and  propionic  acid  analogues  of 
t  hyroxine. 


I'aBI.K  \.  I  )K<;RAI).\TIu\  I^-TIIYRmXINK,  TKTRAlO|>nTMYKnPR<>l*H)\H’  AM)  ACKTH’  ACIDS, 
AND  THIH)D«)TIIYKnPR<)|'n>\IC  AND  ACKTIC  ACIDS  BY  RAT  MVKR  AND  MI  SCI, K  ID )MnC. K N ATK 
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TaBI.E  5.  DeGRADATIDX  ok  L-THYK0XI.\E  AM)  l.-8,5,:F-TRnoi)OTIIYROMNE  BY 
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Deiodinalion  of  endogenously  hihelled  thyroxine 

The  ineuhatioii  of  endogenously  labelled  thyroxine  with  rat  liver  slices 
resulted  in  the  formation  of  radioiodide.  No  material  with  the  Ht  of 
;i,o  diiodothyronine  or  any  other  new  compound  was  identified  chromato- 
}j;raphically.  A  small  amount  of  a  compound  covdd  have  «:one  undetected 
liecause  there  was  little  radioactivity,  Init  in  the  five  solvent  systems  u.sed 
no  new  material  of  a  significant  amount,  relative  to  iodide  and  thyroxine, 
was  noted. 

DISCUSSION' 

The  liver,  kidney  and  muscle  (but  not  the  thyroid  (10,  11))  of  rats  de- 
iodinated  radiothyroxine  and  radio! riiodothjronine  and,  to  a  certain  ex¬ 
tent,  their  acetic  and  propionic  acid  analogues.  This  system  had  an  opti¬ 
mal  temperature  (although  the  present  study  confirms  the  relative  heat 
stal)ility  of  the  homogenate  (12)),  reiiuired  oxygen,  was  inhibited  by  boil¬ 
ing,  certain  toxic  compounds  (some  heavy  metals,  phenols,  (juinone,  cya¬ 
nide)  estrogenic  substances  and  BIIDB.  It  was  strikingly  unalTected  by 
many  antithyroid  compounds,  other  iodinated  compounds  and  a  sulphyd- 
ryl  iidiibitor  (p-chloromercuribenzoate). 

The  pre.sent  finding  of  inhibition  of  deiodination  of  thyroxine  by  estro¬ 
genic  substances  is  in  contrast  to  that  of  Cruchand  et  ul.  (IR).  The.se 
authors,  however,  used  estradiol  monophosphate  in  a  smaller  concentra¬ 
tion.  Such  an  inhibition  might  be  an  additional  cause  for  the  rise  in  blood 
levels  of  thyroxine  in  humans  with  high  estrogen  levels.  In  vivo  human 
studies,  as  yet  incomplete,  suggest,  in  several  instances,  the  possibility  of 
a  block  by  stilbesterol  of  the  deiodination  of  thyroxine. 

The  main  product  of  this  deiodinating  .system  was  radioiodide.  The  ab¬ 
sence  of  radiotriiodothyronine,  in  spite  of  its  being  le.ss  rapidly  deiodinated 
than  thyroxine,  suggests  that  it  was  not  formed.  The  same  reasoning  ap¬ 
plies  to  the  acetic  and  propionic  acid  analogues.  The  substrates  were 
lalielled  only  in  the  prime  positions  and  tlierefore  R,o  diiodothyronine  or  a 
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derivative  thereof,  would  have  gone  undetected.  No  3,5  diiodothjronine 
wa.s  found,  however,  in  the  deiodination  of  endogenously  labelled  thyrox¬ 
ine  hut,  since  we  do  not  know  how  rapidly  3,5  diiodothyronine  may  he 
deiodinated,  we  cannot  conclude  that  it  was  not  formed.  The  finding  that 
3,5  diiodothyronine  did  not  inhibit  the  deiodination  of  thyroxine  suggests 
that  it  was  not  or,  if  so,  only  slightly  deiodinated  by  the  same  enzyme  sys¬ 
tem.  In  addition,  3,5  diiodothyronine  should  be  more  difficult  to  deiodinate 
than  thyroxine.  Of  the  two  possibilities,  3,5  diiodothyronine  was  not 
formed  during  the  deiodination  of  thyroxine  or  3,5  diiodothyronine  was 
formed  but  was  rapidly  metabolized,  the  former  would,  therefore,  seem  the 
more  likely.  As  previously  noted,  the  radioactivity  was  small  and  the  pos¬ 
sibility  of  3,5  diiodothyronine  derivatives  or  other  compounds  l)eing 
formed  in  small  (piantities  cannot  be  ruled  out.  These  results  suggest  that 
either  a  compound  was  formed  with  the  chromatographic  characteristics, 
in  five  different  solvent  systems,  of  thyroxine  or  iodide,  or  thyroxine  was 
deiodinated,  at  least  to  a  major  extent,  to  iodide  and  thyronine  (or  some 
completely  <leiodinated  thyronine  derivative). 

Others  have  found  an  accumulation  of  radiotriiodothyronine  (1,  2,  3 
13),  acetic  acid  analogues  (3,  5,  G)  propionic  acid  analogues  (3),  pyruvic 
acid  analogues  (7,  8)  and  glucuronide  acid  conjugate  (9)  from  radiothyrox¬ 
ine  metabolized  either  in  vivo  or  in  vitro.  In  the  present  study  deiodination 
by  homogenates  was  resistant  to  boiling  compared  to  deiodination  by 
slices  or  mitochondria  and  BIIDB  inhibited  deiodination  by  slices  much 
more  than  deiodination  by  mitochondria.  There  may,  therefore,  be  several 
enzyme  systems  (deiodinating,  deaminating,  decarboxylating)  capable  of 
metal)olizing  thyroxine  and  the  results  may  vary  with  the  tissue  studied 
and  the  method  of  study. 

The  (luestion  of  where  the  deiodinating  enzyme  system  is  remains  un¬ 
resolved.  Mitochondria  seemed  particularly  effective  in  the  system  studied 
here.  A  deiodinating  system  at  the  cell  surface,  however,  might  serve  to 
deiodinate  thyroxine  to  facilitate  its  entrance  into  the  cell  and  might 
explain  why  thyroxine  is  more  rapidly  deiodinated  than  triiodothyronine. 
There  was  no  evidence  in  the  present  study,  however,  for  the  formation  of 
any  iodinated  thyronine  by  the  deiodination  of  thyroxine;  nor  was  there 
any  evidence  to  indicate  whether  the  deiodinating  system  acted  within  or 
on  the  surface  of  the  cell  in  the  intact  tissue.  Furthermore,  deiodination 
may  hav'e  no  relation,  directly,  to  the  metabolic  activity  of  the  thyroid 
hormone,  in  spite  of  the  fact  that  BIIDB  both  reduces  oxygen  consumption 
and  inhibits  deiodination  (12). 

The  deiodinating  S3'stem  present Iv’  under  consideration  seems  specifi( 
principallv’  for  tetra  and  triiodinated  thyronine  compounds.  The  addition 
of  tetra-  and  tri-iodinated  thv  ronines  inhibited  the  deiodination  of  thyrox¬ 
ine  or  triiodothjTonine  to  an  extent  often  commensurate  with  the  amount 
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of  deiodination  which  tliese  compounds  underwent  when  added  alone  to  a 
similar  system.  R,o  Diiodothyronine  did  not  inhibit  deiodination  of  thyrox¬ 
ine,  nor  did  the  iodinated  tyrosines,  iodide,  Priodax,  Telepacpie  or  Teridax. 
It  is  of  interest,  however,  that  an  iodinated  sinfjjle  henzene-riiifj;  compouml 
(HHl)B)  did  inhibit  deiodination  susgestins  that  it  may  be  deiodinated 
itself,  and  indicating  a  lack  of  discrete  specificity  for  the  enzyme  system 
involved. 
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THE  METABOLISM  OF  F^‘-LABELED  THYROXINE,  TRI¬ 
IODOTHYRONINE  AND  DHODOTYROSINE  BY  AN 
ISOLATED  PERFUSED  RABBIT  LIVEIP 

DAVID  V.  BECKER  and  JOHN  F.  PRUDDEN 

Df  piirtment  of  Medicine,  Xeic  York  llospital-Cornell  Medical  Center  and  the  Department 
of  Snrgertf,  (Udumhia  I'nivemitij  College  of  Physicians  and  Surgeons,  Xew  York,  X.  Y. 

ABSTRACT 

Isoliited  ral)l)it  livers  were  perfused  for  12  to  15  hours  with  I**' -labeled  thy¬ 
roxine,  triiodothyroniiu'  and  diiodotyrosine  in  order  to  evaluate  the  hepatic^ 
inetaholisin  of  these  substanees.  The  livers  were  able  to  eoneentrate  these 
amino  acids  in  appreciable  quantities  showing  somewhat  greater  accumulation 
in  livers  jjerfused  with  labeled  triiodothyronine  than  with  thyroxine.  Tri- 
idothyronine  and  thyroxine  were  metabolizetl  by  the  perfused  liver  at  rates 
identical  in  ratio  to  the  intact  rabbit  but  faster  by  a  factor  of  almost  six. 
Diiodotyrosine,  however,  was  deiodinated  at  a  rate  similar  to  that  in  the  intact 
animal.  Measurements  of  biliary  excretion  of  radioactivity  showed  that  this 
pathway  j)roved  more  im|)ortant  over  the  period  studied  for  livers  |)erfused 
with  triiodothyroiune  than  for  those  j)erfused  with  thyroxine.  Twenty-six  per 
cent  of  initial  radioactivity  was  excreted  over  1 2  hours  in  the  bile  of  the  former 
and  8%  in  the  latter.  Less  than  3%  of  the  initial  perfusate  radioactivity  ap- 
jM'ured  in  the  bile  and  over  12  hours  when  perfusion  with  labeled  diiodotyrosine 
was  carried  out. 

The  perfused  liver  proved  capable  of  producing  triiodothyronine  b}'  the 
deiodination  of  thyroxine  in  the  majority  of  studies.  Several  unidentified  com- 
ixninds  appeared  in  both  the  bile  and  the  plasma  of  the  perfusate  following 
l)erfusion  with  both  thyroxine  and  triiodothyronine.  It  is  likely  that  the  most 
abundant  of  these  components  is  a  glucuronide  conjugate  of  thyroxine  and 
triiodothyronine. 

The  metabolism  of  thyroid  hormone  by  the  liver  lias  been  a  matter  of 
considerable  interest  since  1919  when  Kendall  (1)  showed  that  circu¬ 
lating:  thyroxine  is  partly  collected  by  the  liver  and  that  derivative  iodides 
can  be  recovered  in  the  bile.  Using  radioisotopic  and  chromatographic 
techniques,  many  recent  investigators  have  restudied  this  subject.  Infor¬ 
mation,  however,  is  still  lacking  as  to  the  precise  role  played  by  the  liver  in 
the  peripheral  metabolism  of  thyroid  hormones. 

The  importance  of  the  enterohepatic  circulation  in  the  metabolism  of 
thyroxine  has  been  emphasized  by  Albert  and  Keating  (2)  and  by  Mjant 
(J).  There  is  considerable  evidence  that  the  liver  plays  a  key  role  in  the 
regulation  of  the  thyroid  hormone  content  of  the  body  by  destruction  of 
excess  circulating  hormone  and  regulation  of  biliary  excretion  mechanisms. 
Several  workers  have  inv’estigated  the  nature  of  thyroid  hormone  deriva- 

*  TIii.«!  work  was  carried  out  in  part  at  the  Surgical  Research  Unit,  Brooke  .\rmy  Medi¬ 
cal  Center,  Fort  Sam  Houston,  Texas.  Presented  at  the  1958  Meeting  of  the  .\merican 
Goiter  Association. 
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ives  in  bile,  and  the  importance  of  tlie  glucuronide  conjugation  meclianism 
n  the  metabolism  of  thyroxine  has  been  well  establislied  (4,  o,  0,  7,  8).  In 
uldition  to  glucuronides,  recent  work  (9)  has  shown  that  tl\e  iodothyro- 
nruvic  acid  derivatives  of  both  thyroxine  and  triiodothyronine  may  be 
oimd  in  the  bile  of  rats. 

The  site  of  origin  of  triiodothyronine  in  the  plasma  has  not  been  estab- 
ished.  There  is  appreciable  evidence  that  it  may  arise  from  the  deiodina- 
Mon  of  thyroxine  (7,  10,  11,  12,  18,  14)  although  agreement  is  not  unani- 
nous  (15).  In  vitro  studies  (10,  17,  18,  19,  20)  indicate  that  the  liver  may 
)e  one  of  the  sites  of  peripheral  deiodination. 

Using  a  perfusion  apparatus,  it  was  felt  that  it  might  be  po.ssible  to  iso- 
ate  the  action  of  the  liver  in  the  metabolism  of  thyroid  hormones  and  to 
investigate  its  function,  not  only  as  part  of  an  excretion  mechanism,  but 
for  its  possible  importance  in  the  deiodination  of  these  substances. 

METHODS 

’rii<‘  jM'rfusion  technique  used  in  those  studios  \v:is  dosoril)(‘d  previously  l)y  Yoiiu*!;, 
I’rutlth'u  and  Stinuau  (21).  lu  this  ])roooduro,  the  liver  of  au  anesthetized  adult  New 
Zealand  rabbit  was  earefully  removed  following  eannulation  of  the  portal  vein,  inferior 
vena  eava,  and  the  bile  duet  with  polyethylene  eatheters.  The  liver,  whieh  weighed 
about  100  grams,  was  placed  in  the  apparatus  with  the  bile  duet  cannula  emptying  into 
,i  collection  tube.  The  perfusate  was  a  .50-50  mixture  of  defibriuated,  heparinized  rabbit 
blood  and  Hartman’s  solution  with  a  total  volume  of  1000  cc.  It  was  oxygenated  by 
permitting  it  to  flow  fre(‘ly  from  tlie  vena  cava  through  a  Vigreaux  fractionating  column 
connected  to  an  oxygen  source.  After  collection  in  a  mixing  chamber  the  perfusate  was 
then  pumped  to  a  hydrostatic  reservoir  from  which  it  flowed  into  the  liver  through  the 
portal  vein  at  a  rate  of  about  1.50  cc.  per  minute.  The  apparatus  was  kept  in  a  thermo¬ 
statically  controlled  box  at  a  temperature  of  37°  C.  In  order  to  avoid  bacterial  contami¬ 
nation,  the  entire  apparatus  was  cleaned  and  autoclaved,  and  sterile  technicpie  was  used 
in  the  preparation  of  the  perfusate.  In  addition,  Aureomycin  was  added  to  the  perfusate 
at  four  hour  intervals  during  the  procedure.  The  average  liver  was  j)erfused  for  a  period 
of  12  to  15  hours. 

Commercially  prepared  I‘®‘-labeled  f-thyroxine,  l-3,.5,3'-triiodothyronine  and  di- 
iodotyrosine,*  in  amounts  of  1  to  10  micrograms  containing  from  30  to  1.50  microcuries 
of  I'*'  were  used  as  the  substrate.  This  material  as  received  showed  various  degrees  of 
imjnirity  and  was  purified  by  paper  chromatography  before  use.  In  several  of  the  pro¬ 
cedures,  the  starting  thyroxine  was  contaminated  with  a  small  amount  of  triiodo¬ 
thyronine  and  iodide  despite  purification.  The  labeled  amino  acid  was  thoroughly  mixed 
with  the  perfusate  which  was  then  added  to  the  apparatus.  X  control  sanqrle  of  perfusate 
was  taken  before  the  liver  was  placed  in  the  apparatus,  a  second  sample  taken  imnuali- 
ately  after  the  start  of  perfusion  of  the  liver  and  a  third  5  minutes  later.  Additional 
samples  were  taken  every  30  minutes  for  the  first  two  hours  and  hourly  thereafter. 

The  radioactivitj-  of  the  plasma  of  the  perfusate  and  of  the  bile  was  determined  bj' 
measurements  in  a  scintillation  well  counter.  The  proteins  of  the  identical  plasma  aliquot 
•vere  precipitated  using  5  volumes  of  20%  trichloracetic  acid.  The  precipitate  was  washed 
twice  with  5%  trichloracetic  acid  and  then  measured  in  the  well  counter  to  determine 

he  protein-bound  I*®‘  (PBI*^*)- 

Measurements  of  total  protein,  albumin  (22)  and  urea  nitrogen  (23)  of  the  perfusate 

*  Obtained  from  .\bbott  Laboratories,  Oak  Ridge,  Tenn. 
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were  niiulo  every  two  hours.  Samples  of  the  i)erfusate  for  ehromatonraj)hy  were  obtained 
before  the  liver  was  added  to  the  aj)paratus  and  every  three  hotirs  thereafter.  When  bile 
flow  jM'rmitteil,  saini»les  taken  at  similar  int('rvals  wen*  used  in  the  examination  of  the 
bile. 

Samples  of  the  plasma  of  the  perfusate  and  the  bile  W(>re  prepared  for  tdiromatoKraphy 
by  acidifying  with  0.2  ee.  of  oX  HCl  per  ee.  of  sample  and  then  extracting  twice  with 
')  cc.  of  n-butanol  (24).  The  supernatants  were  combined  and  reduced  to  dryness  by 
vacuum  distillation  at  room  temperature.  The  n'sidual  was  ilissolve<l  in  a  small  amount 
of  butanol  and  chromatographed  in  an  ascending  butanol-dioxane-ammonia  system  (2")). 
The  dioxane  was  purified  by  distillation.  Selected  samples  were  chromatographed,  in 
addition,  in  an  ascending  butanol-acetic  acid  syst(‘m  (20).  .\])proj)riate  carriers  were 
api)lied  to  all  chromatograms  before  <levelopment  and  were  identified  with  ninhydrin 
or  sulfanilic  acid  (27).  .Vll  chromatograms  were  radioautographed  on  no-screen  X-ray 
film  and  then  scanned  with  an  automatic  geiger  counter  and  recording  rate-meter. 
Radioautographic  spots  were  identified  by  comparison  of  the  film  with  the  location  and 
shape  of  the  carrier  spot  on  the  chromatogram.  The  radioactivity  on  the  chromatogram 
was  quantitated  by  planimetry  of  the  rate-meter  rt'cording  after  identification  and  de¬ 
lineation  of  each  peak  by  comj)arison  with  the  corresi)onding  radioautograph. 

RESULTS 

Sovon  toclinically  satisfactory  perfusions  with  thyroxine,  four  with  tri- 
iodothyronine  and  one  witli  diiodotyrosine  were  completed.  Over  tlic 
course  of  tlie  average  procedure  the  pH  of  the  perfusate  remained  relatively 
constant.  Measurement  of  albumin  and  globulin  showed  little  change.  The 
urea  nitrogen  accumulated  according  to  a  single  exponential  cumulative 
equation  and  doubled  by  the  end  of  12  hours.  This  pattern  of  urea  increase 
was  taken  to  indicate  the  presence  of  actively  functioning  hepatic  tis.sue. 
The  mean  rate  constant  of  the  expression  for  urea  accumulation  for  those 
livers  perfused  with  thyroxine  was  O.OOISI  min.~b  This  represents  a  half- 
life  of  accumulation  of  3S.3  minutes.  For  those  livers  perfused  with  tri¬ 
iodothyronine,  the  same  formulation  showed  a  mean  rate  constant  of 
0.001  IS  min.“‘  (half-life  =  587  min).  l\'hen  the  difference  between  these' 
mean  values  was  examined  by  “t”  test,  it  was  found,  interestingly  enough, 
that  the  difference  was  significant  (P  =  0.01).  Hence  urea  nitrogen  accumu¬ 
lated  significantly  more  rapidly  in  tho.se  livers  perfused  with  thyroxine 
compared  with  those  perfu.sed  with  triiodothyronine.  The  physiological 
implication  of  this  finding  is  not  immediately  apparent. 

Control  procedures  included  circulation  of  the  perfusate  with  its  labeled 
compound  for  twelve  hours  in  the  apparatus  without  a  liver.  In  these  con¬ 
trol  studies,  the  total  radioactivity,  protein-bound  I*®'  and  chromatogram 
all  showed  no  significant  change  from  the  starting  determinations.  During 
the  course  of  those  control  studies  without  the  liver,  measurement  of  tin 
perfusate  urea  nitrogen  (which  was  essentially  constant)  showed  a  standan' 
error  of  1.5%  of  the  mean  perfu.sate  value.  Similarly,  measurement  of  tin 
showed  a  standard  error  of  the  hourly  measurement  of  0.27%  of  tin 
mean.  The  measurement  of  total  plasma  radioactivity  showed  a  standart 
error  0.83%.  These  figures  represent  the  intrinsic  errors  of  the  procc- 


Janiiari/,  tOoO  LIVER  METAROLISM  OF  THYROID  HORMONES 


139 


lures  and  are  considered  satisfactory.  Perfusion  of  sodium  radioiodide 
through  a  liver  for  the  same  period  showed  no  changes  in  the  indices 
>tudied.  Tlie  iodide  was  excreted  rapidly  in  the  hile.  Over  the  course  of  tlie 
control  experiments  there  was  a  loss  of  radioactivity  (presumably  adsorbed 
♦o  glassware)  equivalent  to  0.7o%  of  the  total  activity  per  hour. 


R.\TE  STUDIES 

Pcrf  umte 

The  total  P'**  of  the  perfusate  showed  a  rapid  decrease  over  the  first  two 
hours.  At  the  end  of  two  hours  the  livers  perfused  with  thyroxine  had  ac¬ 
cumulated  a  mean  of  24%  while  tho.se  perfused  with  triiodothyronine  had 
accumulated  a  mean  of  39%  of  total  radioactivity.  This  difference  was 
statistically  significant  (‘‘t”  test,  P  0.01).  The  total  perfusate  activity  in 
all  studies  then  remained  at  a  fairly  constant  level  for  the  duration  of  the 
procedure.  Since  the  system  is  a  closed  one,  this  first  phase  of  disappear¬ 
ance  of  radioactivity  was  interpreted  as  indicating  either  passive  or  active 
distribution  of  radioactivity  within  the  liver. 

Measurements  of  the  PBP®'  of  the  plasma  of  the  perfusate  showed  that 
triiodothyronine  was  deiodinated  at  a  significantly  faster  rate  than  was 
thyroxine  (Fig.  1).  The  mean  half-life  for  the  disappearance  of  protein- 
bound  P^'  when  the  liver  was  perfused  with  thyroxine  was  32.5  hours  while 
that  for  triiodothyronine  was  22.2  hours.  This  difference  is  significant. 
The  single  satisfactory  procedure  in  which  the  liver  was  perfused  with 
diiodotyrosine  showed  an  appreciably  different  and  much  faster  rate  of 
deiodination  (half-life,  9.4  hours). 

By  contrast,  measurements  of  the  relative  radioactivity  of  each  peak 
appearing  on  the  chromatograms  permitted  the  estimation  of  the  disap- 


Fig.  1.  The  disappearance  of  the  per¬ 
fusate  j)rotein-h()und  P’*  for  livers  per¬ 
fused  with  1'®'-Ial)eled  thyroxine,  triiothy- 
ronine  and  diiodotyrosine.  The  half-lives 
for  thyroxine  and  triiodothyronine  are  the 
means  of  7  and  4  experiments  respectively, 
while  that  for  diiodotyrosine  represents  a 
ingle  study.  The  ordinate  represents  the 
logarithm  of  the  perfusate  PH1'^‘  while  the 
ihscissa  represents  time  in  hours. 
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pearance  rates  for  ehromatographieally  pure  thyroxine  and  triiodothyro¬ 
nine.  Here,  tlie  thyroxine  disappeared  from  the  perfusate  witli  a  mean 
half-life  of  24.3  hours  while  triiodothyronine  was  removed  at  a  significant¬ 
ly  faster  rate  with  a  mean  half-life  of  9.5  hours.  The  disappearance  rates, 
calculated  in  this  fashion,  were  thus  somewhat  faster  than  when  calculated 
from  the  determinations  of  the  perfusate  protein-hound  (.see  above). 

•Vnalysis  of  the  perfusion  data  for  the  kinetic  rate  constants  shows  that 
the  specific  rate  of  liver  degradation  for  thyroxine  or  triiodothyronine  is 
directly  related  to  the  weight  of  the  liver.  The  rate  constant  “k”  (%  de¬ 
graded  per  hour  per  100  gm.  of  liver)  is  3.8%  for  thyroxine  and  8.0%  for 
triiodothyronine.  Further  calculation  indicates  an  average  degradation  of 
1  to  2  MS-  of  thyroxine  per  100  gm.  of  liver  for  a  twelve  hour  period.® 

liilc 

Over  a  period  of  twelve  hours,  tho.se  livers  perfused  with  thyroxine  ex¬ 
creted  in  the  bile  a  mean  of  8%  of  the  total  radioactivity  initially  added  to 
the  perfu.sate.  However,  radioactivity  derived  from  triiodothyronine  was 
found  to  have  a  total  biliary  e.xcretion  over  the  same  period  of  a  mean  of 
2()%  of  total  radioactivity.  Thus  despite  equality  of  bile  production  (aver¬ 
aging  2  to  0  cc.  an  hour)  with  both  amino  acids,  the  perfused  liver  excreted 
in  the  bile  three  times  as  much  radioactivity  derived  from  triiodothyronine 
as  compared  to  that  derived  from  thyroxine.  The  biliary  excretion  curves 
of  radioactivity  for  thyroxine  perfu.sed  livers  showed  an  early  peak  of  radio¬ 
activity  (three  to  four  hours)  followed  by  a  steady  fall.  Following  labeled 
triiodothyronine  administration  however,  radioactivity  was  excreted  in  the 
bile  with  a  different  pattern,  showing  a  slow  rise  in  hourly  excretion  reach¬ 
ing  a  peak  by  7  to  8  hours  and  then  falling  off  slightly. 

In  the  liver  perfused  with  labeled  diiodotyrosine,  a  total  of  only  2.4%  of 
the  total  perfu.sate  radioactivit}’  appeared  in  the  bile  over  a  12  hour  period. 

CHROMATOGRAPHIC  STUDIES 
Perfusion  with  P^^-labcIcd  thyroxine 

In  those  livers  perfused  with  labeled  thyroxine,  chromatographic  stiidie." 
of  the  perfusate  showed  that  thyroxine  gradually  decrea.sed  with  time 
while  iodide,  several  unknown  materials  and  triiodothyronine  appeared 
(Fig.  2).  Similarly,  chromatograms  of  the  bile  showed  all  of  these  com¬ 
pounds  (Fig.  3). 

The  relative  quantities  of  radioactivity  in  each  compound  separated  on 
the  chromatograms  of  the  perfu.sate  for  a  typical  liver  perfu.sed  with  I'®’- 
labeled  thyroxine  are  shown  in  Figure  4.  Thyroxine  decreased  in  a  moder¬ 
ately  slow  and  irregular  fashion  with  a  drop  over  12  hoqrs  to  a  mean  o:’ 
48%  of  initial  radioactivity.  Triiodothyronine  appeared  in  the  perfusat  ■ 

®  The  kinetic  formulation  used  in  these  calculations  will  he  presented  in  a  subsequei 
publication. 


Fig.  2.  Perfusion  of  a  liver  with  I'^Mabeled  thyro.xine.  The  ra(lioautogra])hs  of  chro- 
uatograms  of  the  plasma  of  the  j)erfusate  are  placed  beneath  the  corresponding  rate- 
iieter  recordings  of  radioactivity  content.  Legend:  0  =  origin,  F  =  front,  T4  =  thyroxine, 
r3  =  triiodothyronine,  I“  =  iodide.  The  unknown  peaks  are  labeled  A,  B,  C,  and  1). 
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ill  si{?nificantly  increased  quantities  in  four  of  the  sev’en  procedures  in 
wiiich  the  liver  was  perfused  with  thyroxine.  The  remaining  three  started 
with  appreciable  quantities  of  triiodothyronine  and  the  area  under  this 
peak  remainetl  relatively  constant  throughout.  The  main  product  of  the 
breakdown  of  thyroxine  was  iodide  which  slowly  and  steadily  increased  to 
reach  its  maximum  concentration  of  8  to  25%  (mean  15%)  of  total  chro¬ 
matogram  activity  by  12  hours  (Table  1).  Several  unknown  compounds  ap¬ 
peared  and  the  predominant  one,  Unknown  C  (probably  a  glucuronide  as 
indicated  below)  reached  a  mean  value  by  the  end  of  12  hours  of  7.2%  of 
total  chromatogram  activity.  Two  other  unknowns,  A  and  B,  appeared  less 
constantly  and  in  smaller  quantities.  Unknown  B  usually  reached  its  maxi¬ 
mum  concentration  of  2  to  3%  by  the  sixth  to  the  ninth  hour  and  then  de¬ 
creased.  Unknown  A  was  found  in  the  plasma  on  two  occasions,  and  Un¬ 
known  D  was  .seen  only  once. 

Analysis  of  the  chromatograms  of  the  bile  for  a  typical  liver  perfused 
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Fig.  IVrfusion  of  a  liver  with  I '■'"-labeled  thyroxine.  Radioautonraphs  of  bile  sam¬ 
ples  obtained  1,  3,  (i,  and  9  hours  after  the  start  of  perfusion.  The  legend  is  the  same  as 
in  Fig.  2. 
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PERFUSION  WITH  THYROXINE 


TIME  (hours) 


Fi(}.  4.  Distribution  of  the  rolative  radioactivity  content  of  chroinato^rains  of  the 
jn'ifusate  (solid  circles)  and  bile  (oj)cn  circles)  of  a  liver  perfused  with  l''*'-labeh'd  thy¬ 
roxine.  riie  ordinate  rc'prc'sc'nts  the  percent  of  the  total  ehroinato}!;rani  radioactivity 
\vhil(‘  the  abscis.sa  rei)resents  the  time  of  the  samples  studied. 

with  labeled  thyroxine  (Fif?.  4)  showed  that  thyroxine  was  the  major  eom- 
ponent  as  early  as  thirty  minutes  after  perfusion  was  started  at  whieh  time 
the  first  bile  speeimen  was  examined.  The  thyroxine  eontent  of  bile  over 
the  period  of  twelve  hours  remained  relativ’ely  eonstant.  Triiodothyronine 
and  iodide  appeared  in  all  bile  speeimens  in  about  the  same  eoneentration 
that  was  seen  in  the  plasma  (in  terms  of  total  activity  of  the  chromato- 
((ram).  Unknown  C  not  only  appeared  in  the  bile  mueh  earlier  than  in  the 
perfusate,  but  was  usually  pre.sent  there  in  mueh  greater  eoneentration 
(Tal)te  1).  At  the  end  of  12  hours  Unknowns  A  and  B  were  found  in  the 
bile  in  all  thyroxine  perfusions  with  respective  mean  eoneent rations  of 
1.4%  and  9.6%  of  total  chromatogram  activity. 


Table  1.  Distkibi  tion  ok  eiiROMATouK am  kadioactivity 

(.\11  values  an-  iiM-aiis;  they  are  expressed  as  per  cent  of  the  total  chromatogram  radio¬ 
activity  upon  termination  of  j)erfusion.) 


Perfusate  Specimen 

Thy. 

roxino 

Triiodo¬ 

thyronine 

Iodide 

A 

B 

c 

1) 

r'*'-thvroxine  perfusate 

48 

.5.8 

15 

— 

7.2 

_ 

bile 

24 

.5.'.» 

ir> 

4.3 

0.0 

10 

— 

1  ’'-triiodothvronine  perfusate 

4.4* 

21 

14 

2.7 

11 

22 

7.0 

bile 

7.0 

15 

11 

3.0 

4.0 

38 

8.8 

*  Contaminant  of  the  triiodothyronine  initially  added  to  perfusate. 
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Perfusion  with  P^^-labeled  triiodothyronine 

Chromatographic  studies  of  the  perfusate  of  those  livers  perfused  with 
labeled  triiodothyronine  showed  qualitatively  similar  results  to  those  de- 
scrilied  above  for  the  thyroxine.  Similar  measurements  of  the  relative  con¬ 
tent  of  the  substances  found  in  the  perfusate  and  the  bile  are  shown  dur¬ 
ing  the  course  of  a  typical  perfusion  in  Figure  5.  In  the  perfusate,  chroma¬ 
tography  of  the  control  specimens  showed  that  a  mean  of  83%  of  the  initial 
total  perfusate  radioactivity  was  present  as  triiodothyronine.  After  twelve 
hours,  however,  the  amount  of  triiodothyronine  had  dropped  sharply  to 


PERFUSION  WITH  TRIIODOTHYRONINE 


0369  12  0369  12 

TIME  (hours) 


Flo.  Distrihutioii  of  the  icliitive  ra<lioactivity  coiitriit  <»f  chromatograiiis  (»f  the 
perfusate  and  bile  of  a  liver  perfused  with  1 '■’'-labeled  triiodothyronine.  The  ordinate 
and  abseissa  are  identieal  with  that  in  Fig.  4. 


21%  of  initial  radioactivity.  In  almost  all  procedures  where  P*'-triio<lo- 
thyronine  was  added  to  the  perfusate,  thyroxine  in  (piantities  of  5  to  lO^r 
was  present  as  an  initial  contaminant.  Cnknown  C  with  a  mean  perfusate 
concentration  of  22%  by  the  end  of  12  hours  was  present  in  much  greater 
concentration  than  was  seen  when  thyroxine  was  the  starting  material. 
Iodide  made  up  about  11%  of  the  total  radioactivity  and  Unknown  H  wa> 
pre.sent  in  rather  high  concentrations  (mean  11%).  Unknown  A  was  found 
in  all  plasma  .samples  with  a  mean  concentration  at  the  termination  of  tin 
perfusion  of  2.7%  of  the  total  chromatogram  activity  (Table  1). 

Kxamination  of  the  bile  showed  that  the  major  component  was  Unknowi 
C.  This  compound,  in  those  livers  perfused  with  triiodothyronine,  con¬ 
tributed  in  12  hours  more  than  one  third  of  the  total  biliary  activity;  ai 
amount  twice  as  great  as  that  found  following  perfusion  with  thyroxine 
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Unknowns  A  and  H  were  present  in  all  late  bile  samples  but  in  relatively 
-mall  (piantities.  Unknown  1)  was  found  in  all  specimens  of  bile  and  was 
he  only  derivative  compound  that  appeared  initially  (one  hour)  in  higher 
oncent rations  (1()%)  than  was  seen  after  twelve  hours  of  perfusion. 

Ilydrohsis  with  /[i-glucuronidase  of  Unknown  C  eluted  from  the  chro- 
iiatogram  yielded  a  substance  that  traveled  on  the  chromatogram  to  the 
line  location  as  carrier  triiodothyronine. 

*crfusion  with  I^^^-Iabelcd  diiodotyrosine 

In  those  livers  perfused  with  labeled  diiodotyro.sine,  chromatograms 
howed  the  rapid  disappearance  of  diiodotyrosine  from  the  perfusate  con- 
omitantly  with  the  appearance  of  iodide.  Before  perfusion  started,  97%  of 
:he  total  radioactivit}’  of  the  chromatogram  was  present  as  diiodotyrosine. 
However,  iodide  appeared  rapidly  in  the  perfusate  with  a  concentration  by 
die  end  of  the  2nd  hour  of  23%,  by  the  end  of  the  Oth  hour  of  40%  and  by 
I  he  end  of  the  12th  hour  of  40%  of  chromatogram  radioactivity.  Kxami- 
nation  of  the  bile  showed  the  early  presence  of  both  diiodotyrosine  and 
iodide  but  as  perfusion  continued,  the  former  decreased  to  minimal  (pianti- 
lies  while  the  latter  accounted  for  almost  all  of  the  radioactivity  of  the 
chromatogram. 

DISCUSSION' 

The  viability  of  the  liver  in  the  perfusion  preparation  is  reasonably  as- 
Mired  by  the  findings  of  the  rising  urea  nitrogen  of  the  perfusate,  mainte¬ 
nance  of  total  protein  levels,  and  continued  production  of  bile  in  appreci- 
iible  (piantities.  Microscopic  e.xamination  of  the  liver  upon  termination  of 
each  study  showed  intact  morphology.  Only  tho.se  perfusion  studies  that 
met  the  above  criteria  were  considered  to  be  satisfactory  and  included  in 
I  he  .series. 

It  is  interesting  to  note  that  the  relative  rates  of  deiodination  of  thyrox¬ 
ine  and  triiodothyronine  by  an  isolated  perfused  liver  are  roughly  analo¬ 
gous  to  those  obtained  in  intact  animals  where  triiodothyronine  is  not  only 
removed  from  the  blood  more  rapidly  than  thyroxine  but  is  deiodinated  to 
a  greater  degree  (28,  29,  30).  In  vivo  studies  in  rabbits  of  the  same  breed 
used  in  these  perfusion  experiments  showed  that  the  average  half-time  of 
disappearance  of  plasma  radioactivity  after  administration  of  labeled 
thyroxine  was  192  hours,  that  for  triiodothyronine  12-5  hours  and  that  for 
diiodotyrosine  14.5  hours.  (31)  The  disappearance  rates  of  the  protein- 
bound  obtained  by  liver  perfusion  (32.5  and  22.2  hours  respectively) 
are  faster  by  a  factor  of  almost  b  than  those  seen  for  both  thyroxine  and 
triiodothyronine  in  the  intact  animal.  It  is  striking  to  note  that  the  ratio 
of  the  degredation  half-time  of  thyroxine  compared  with  that  for  triiodo¬ 
thyronine  is  virtually  identical  for  both  the  perfusion  preparation  and  the 
intact  animal.  However,  for  the  liver  perfused  with  diiodotyrosine,  the  d(*- 
iudination  rate  is  very  similar  to  that  in  the  intact  animal  (9.4  and  14.5 
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hours,  respectively).  This  is  of  interest  in  view  of  Flock’s  (7)  observation 
that  the  rate  of  deiodination  of  diiodotyrosine  was  not  altered  by  eviscera¬ 
tion  of  the  rat.  The  rate  of  deiodination  of  both  thyroxine  and  triiodothyro¬ 
nine  was  reduced  in  the  eviscerated  rat  over  that  seen  in  the  intact  animal 
although  triiodothyronine  continued  to  disappear  from  the  blood  mon 
rapidly  than  thyroxine.  In  vitro  studies  (32)  indicate  that  the  liver  readily 
metabolizes  diiodotyrosine;  however  Flock’s  observations  and  those  of  ttu 
present  study  suggest  that  the  liv'er  may  not  play  a  major  role  in  the  de¬ 
iodination  of  diiodotyrosine  in  the  intact  animal. 

In  the  present  study,  a  greater  role  by  a  factor  of  three  was  played  b_\ 
the  bile  of  those  livers  perfused  with  triiodothyronine  than  in  those  per¬ 
fused  with  thyroxine  in  terms  of  the  amount  of  total  radioactivity  excreted. 
Cooper  and  Beringer  (33)  noted  no  significant  difference  in  the  biliary  ex¬ 
cretion  of  radioactivity  following  administration  of  labeled  thyroxine  and 
triiodothyronine  to  bile  fistula  dogs,  finding  one-third  of  the  administered 
do.se  in  the  bile  by  120  hours.  Roche,  however,  noted  that  60%  of  radio¬ 
activity  derived  from  injected  P®‘-labeled  triiodothyronine  appeared  in  the 
bile  of  rats  by  15  hours  compared  to  40%  of  that  derived  from  I'^'-labeled 
thyroxine.^ 

The  chromatographic  findings  of  triiodothyronine  in  the  perfusate  and 
the  bile  of  livers  perfused  with  labeled  thyroxine  suggest  the  ability  of  tlu* 
liver  to  deiodinate  thyroxine.  In  vitro  studies  by  .several  workers  have 
shown  that  liver  tissues  have  the  capability  of  deiodinating  thyroxine  (16, 
17,  18,  19,  20)  and  the  existence  of  deiodinase  systems  in  the  liv’er  has  been 
demonstrated  by  others  (34,  35).  In  addition.  Flock  (8)  has  shown  that  the 
hepatectomized  dog  does  not  deiodinate  thyroxine  and  triiodothyronine 
as  completely  as  the  normal  animal.  The  pre.sent  findings  therefore  add 
further  evidence  for  the  existence  of  a  peripheral  mechanism  for  the  for¬ 
mation  of  triiodothyronine  from  thyroxine  and  suggest  that  the  liv^er  may 
play  an  important  role  in  this  function. 

Of  the  unknown  compounds  noted  in  the  perfusate  and  bile  in  the  pres¬ 
ent  experiments,  there  is  suggestive  evidence  that  the  major  one  (Un¬ 
known  C)  is  a  glucuronide.  Briggs  et  al.  (4)  in  a  study  in  which  a  rat  liver 
was  perfused  with  labeled  thyroxine  found  in  the  bile  appreciable  quanti¬ 
ties  of  a  substance  .subsequently  identified  as  the  glucuronide  conjugate  of 
thyroxine  (5).  Roche  et  al.  (9)  and  Flock  and  Bollman  (7)  identified  this 
.substance  in  bite. 

The  presence  of  thyroxine  glucuronides  in  the  plasma  has  been  describcil 
only  in  animals  whose  bile  ducts  hav'e  been  ligated  (37)  or  whose  livers 
have  been  sev’erely  damaged  (20).  In  the  pre.sent  studies  a  compound  thnt 
was  probably  a  glucuronide  was  found  in  appreciable  quantitites  in  the 


Data  presented  by  Roehe  (iuring  the  discussion  (p.  224)  of  a  paper  i)y  Vannotti  (20  . 
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lerfusate  following  perfusion  of  livers  with  thyroxine  and  triiodothyro- 
iine.  Its  presence  may  indicate  undetected  biliary  damage.  More  likely, 
lowever,  since  the  perfusion  takes  place  in  a  closed  sy.stem,  it  is  the  result 
f  the  absence  of  a  urinary  excretion  mechanism  which  could  handle  the 
apid  removal  of  this  material  from  the  plasma. 
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{KlvATIOX  OF  NIK'LKK’  A('I1)S  TO  THE  STRIKTURE  AND 
FUNCTION  OF  THE  GUINEA  PIG  THAROID  GLAND 

JOSIP  MATOVINOVIC  a\d  AUSTIN  L.  VICKERY 
ABSTRACT 

(Iroups  of  Kuiiu'ii  i)i^s  were  administered  tliyrotropiu,  thyroxine,  and 
thiouraeil.  The  weifjht,  funetional  aetivitj'  (I'^*  uptake),  relative  pereentages  of 
tissue  eonstituents,  average  eell  heiglit  and  the  cell  population  density  of  the 
thyroid  glands  were  determined.  Desoxyribonucleic  acid  and  ribonucleic  acid  of 
thyroid  tissue  were  determined  by  chemical  methods.  Since  the  histological 
structure  of  the  thyroid  gland  is  a  variable  factor,  it  should  be  considered  in  the 
interpretation  of  <lata  obtained  by  chemical  analysis  of  whole  tissue  samples. 

.V  method  is  described  for  expressing  the  results  of  chemical  analyses  of  thyroid 
gland  nucleic  acids  in  terms  of  a  calculated  thyroid  parenchymal  eell  mass. 
These  results  differ  in  significance  from  the  conventionally  expressed  values 
based  on  a  unit  weight  of  whole  tissue  sami)le.  The  nuclear  content  of  DN.\  was 
found  to  be  independent  from  the  stimulating  action  of  thyrotropin.  In  the 
thyrotropin  stimulated  gland,  an  increase  of  RX.\  was  ob.served.  In  the  absence 
of  thyrotropin  stimulation,  a  decrease  in  RX.\  occurred.  Under  the  stimulation 
of  thyrotropin,  the  increase  in  total  RX.V  was  proportionally  greater  than  the 
increase  in  average  weight  of  the  gland.  The  increase  of  total  RX.\  per  gland 
was  less  marked  when  related  to  the  increase  in  total  eell  mass  of  the  gland.  In 
tin*  absence  of  thyrotropin  stimulation  (thyroxine-injected  animals),  the  d('- 
erease  in  total  RX.\  per  gland  was  proportionally  greater  than  the  decrease  in 
average  weight  of  the  gland;  but  this  effect  was  more  pronounced  when  the 
(h'crease  in  total  RX.V  was  related  to  the  decnaise  in  total  cell  mass  of  the  gland, 
riiiouraeil  per  se  probably  does  not  inhibit  the  synthesis  of  RX.V  in  the  thyroid 
cell. 

TIH'jHIO  is  an  abundant  literature  on  the  nucleie  acids  of  most  mam¬ 
malian  organs  but  relatively  little  concerning  the  thyroid  gland. 
Nucleic  acids  of  the  thyroid  have  been  determined  by  histochemical  (1,  2), 
liistospectroscopic  (8,  4),  and  chemical  methods  (o,  0,  7,  8).  The  results  of 
liisto.spectroscopic  studies  are  expressed  in  arbitrary  units,  while  the  data 
of  chemical  analyses  are  usually  reported  as  concentration  per  unit  of  wet 
weight  of  tissue  or  content  per  whole  gland. 

The  structure  of  the  thyroid  gland  makes  it  difficult  to  interpret  chem¬ 
ical  assays  if  expressed  in  terms  of  the  weight  of  whole  tissue.  Since  the 
thvroid  is  not  a  solid  organ,  but  contains  follicular  spaces  which  constitute 

*  From  the  Departments  of  Medicine  and  Pathology  of  tlie  Harvard  Medical  School 
ai  d  the  Medical  Service  and  the  .lames  Homer  Wright  Pathologj’  Laboratories  of  the 
•M  assachusetts  (leneral  Hospital,  Boston,  .Mas.saehusetts.  Supporteal  in  part  by  IJ.S. 
P  :blie  Heidth  Service  Research  Grants  .\-lK8()  and  C-3424.  This  paper  was  presamted 
at  the  .Vnnual  Meeting  of  the  .Vmerican  Goiter  .V.ssociation,  San  Francisco,  California, 
J  lie  16-19,  1958. 
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a  large  and  variable  factor,  it  might  prove  helpful  to  express  the  results  ol 
chemical  analyses  in  terms  of  a  calculated  cell  mass  which  excludes  stroma’ 
elements  and  colloid.  This  paper  is  concerned  with  an  histological  am 
chemical  technique  which  has  provided  a  measurement  of  the  nucleic  aci(h 
per  unit  weight  of  thyroid  protoplasm.  The  method  has  been  utilized  ii 
studies  of  the  effect.s  of  thyrotropin,  thyroxine,  and  thiouracil  upon  th( 
metabolism  of  nucleic  acids  in  the  guinea  pig  thyroid  gland. 

METHODS 

Male  guinea  i)igs  weighing  1  (>5-210  gin.  were  used  in  tliesi'  experiments.  Kaeh  gnni) 
consisted  of  five  animals  fed  nd  libitum  with  a  regular  <liet  and  lettuce.  C'ontrol  and  ex 
perimcntal  groups  of  animals  were  saerifieod  after  14  days  and  after  3  months.  One  group 
received  0.5  I'.S.P.  units  of  thyrotropin  (.Vrmour)  in  0.5  ml.  saline  subcutaneously  dail\ 
for  14  days.  One  group  received  100  /ig.  of  /-sodium  thyroxine  in  0.5  ml.  saline  (pH  S.5j 
daily  .subcutaneously  for  14  dajs.  One  group  was  fed  with  0.2%  thiouracil  ground  in 
food  for  3  months.  The  weight  of  all  animals  was  regularly  recorded.  .Vnimals  wen 
sacrificed  by  a  blow  on  the  head  and  exsanguination.  Eight  hours  before  being  sacrificed 
they  were  injectcfl  with  0.5  fic.  1'^'  in  0.5  nd.  saline  subcutaneou.sly.  The  food  was  not 
omitted  until  the  end  of  the  experiment.  The  I*^'  in  each  thyroid  gland  was  counted  in  a 
well-type  scintillation  detector,  and  counts  were  expressed  as  per  cent  of  administereil 
dose.  Aliquots  of  thyroid  tissue  of  thiouracil-feil  animals  were  also  preeijiitated  with  20*',' 
trichloracetic  acid  and  then  counti'd  in  a  well-type  .scintillation  detector.  Homogi'nizeil 
aliipiots  of  these  thyroids  were  digested  with  trypsin  and  chymotrypsin  and  thereafti'r 
were  chromatographed  in  a  butanol-2  N  acetic  acid  .solvent  system.  Strijis  were  counted 
in  segments  in  a  well  type  scintillation  detector.  'I’lie  thyrotrojiin  and  thyroxine-treated 
aidmals  gained  weight  during  7  days  of  tin*  control  period.  In  the  expi'rimental  jicriod, 
despite  incr(*ased  footl  intake,  the  thyrotrojiin  and  thyroxine-t rented  animals  lost  h  im*!  I 
resjiectively  of  the  weight  which  they  had  gained  during  the  control  period.  Both  groups, 
especially  the  thyroxine-treated  animals,  had  evidence  of  hypermetabolism,  ('ontrol 
groujis  and  thiouracil-fed  animals  gained  widglit  throughout  the  experiment.  The  thi- 
ouraeil-fed  animals  did  not  develop  signs  of  hypometabolism. 

II intological  Methods 

\  calculated  cell  mass  value  may  be  obtained  by  an  histometrical  (hdcTinination  of 
the  relative  percentages  of  thyroid  tissue  constituents.  One  medial  part  of  each  guinea 
pig  thyroid  lobe  was  fixed  in  10%  formalin,  routinely  proces.sed  and  embedded  in  jiaraf- 
fiu.  Sections  of  thickness  were  cut  from  the  median  portion  and  stained  by  hema¬ 
toxylin  and  eosin,  Fculgen,  and  Masson  tri-chrome  techniques.  (Quantitative  estimates 
of  the  relative  percentages  of  thyroid  tissue  components  were  made  b\'  the  mi'thod  of 
('halkley  (9).  This  consists  of  counting  a  series  of  random  tissue  contacts  in  a  number 
of  high  power  microscopic  fields  made  by  points  fixed  in  the  microscope  eye-pieci*.  A 
ratio  is  thus  obtained  by  comjiaring  the  total  number  of  random  ocular  point  intersec¬ 
tions  for  each  tissue  constituent.  Parenchymal  thyroid  cells,  follicle  spaces,  and  strom.i 
were  the  tissue  fractions  studied.  Homogeneitj-  of  tissue  architecture  is  desirable  for  i 
reasonably  accurate  application  of  this  sampling  technique.  The  thyroids  were  quite  uni¬ 
form  in  structure,  as  was  demonstrated  by  obtaining  similar  results  on  tissue  composition 
from  sections  cut  at  three  different  levels  of  a  thyroid  lobe  in  the  experiment  with  th - 
ouracil-fed  animals. 

Three  hundred  random  tissue  point-intersections  were  made  in  an  average  total  (  I" 
25  high-power  fields  per  section.  Point-contacts  with  the  lumens  of  vessels  were  coi' 
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idered  as  part  of  the  stroma,  but  wliere  the  random  oeular  points  eoineided  with  an 
inpt\’  tissue  spaee  (other  than  intrafollieular  or  intravascular  in  position),  tliese  were 
initted  as  being  tissue  artifacts.  The  Masson  tri-chrome  stain  greatly  facilitated  the 
tudies  by  defining  connective  tissue  elements  from  i)arenchymal  cells. 

By  assuming  an  approximate  erjuivalent  specific  weight  of  parenchymal  cell,  follicle 
)ace  fluid,  ami  stromal  elements,  the  percentag<‘s  of  relative  tissue  components  by  area 
ere  translated  into  similar  imrportions  on  the  basis  of  total  gland  wet  weight.  For 
.amj)le,  if  a  gland  of  100  mgni.  had  35%  i)arench3  nial  cells,  45%  follicle  spaces,  and 
'1%  stroma  l\v  histological  cros.s-sectioned  area  calculation,  it  was  assumed  that  the 
lativc  weight  fractions  were  35  mgm.,  45  mgm.,  and  20  mgm.  respectivel.v.  Some 
i-ense  with  accuracj’  was  taken  in  equating  the  area  perccmtages  of  tissue  constituents 
ith  volume  and  weight,  but  the  difTerences  in  the  specific  weights  of  the  various  tissm* 
I  iinponents  were  regarded  as  insignificant.  Since  the  values  are  relative  and  subject  to 
'.inilar  artifacts  (i.e.,  shrinkage),  these  errors  were  considered  to  be  relativel\’  small. 

The  total  thyroid  cell  mass  per  whole  gland  was  then  defined  as  the  product  of  the 
1  {‘rcentage  of  thyroid  cells  per  gland  and  the  total  wet  weight  of  the  gland.  Therefore, 
(i>e  RX.\  concentration  per  unit  weight  of  cell  mass  (RX.V  /xg.  'mgm.  thyroid  cell  mass) 
(  an  be  computed  as  follows: 


hX.V  (/ig./ingm.  gland)  X  total  gland  weight  (mgm.) 
i  raction  of  gland  as  cells  X  total  gland  weight  (mgm.) 


Total  RX.\  (Mg.)/thyroid  gland 
Total  thjToid  cell  mass  (mgm.) 


HX.\  (/ig.)/(mgm.)  thyroid  cell  mass. 


In  order  to  obtain  an  index  of  the  actual  number  of  cells  in  thyroid  tissue,  estimates 
of  relative  thyroid  cell  i)opulation  density  were  made  b\'  counting  the  number  of  thv- 
rt)id  cell  nuclei  in  a  .standard  area  of  gland  median  section,  using  an  ocular  grating  ruled 
into  squares  (10).  Three  separate  counts  of  the  nuclei  lying  within  a  standard  area 
(.S4,5()0/x’*)  were  made  on  each  section  (total  area,  253, 000^^).  The  average  (»f  these  values 
was  recorded  as  the  “cell  population  density  factor,”  or  the  number  of  thyroid  cell 
nuclei  per  84,500/i*  area.  This  index  constitutes  an  estimate  of  cell  population  density 
of  an  entire  gland  and  rej)resents  a  fair  sampling  of  a  central  thyroid  lobe  section.  .\s 
was  observed  in  comparing  sections  cut  at  three  different  levels  of  one  series,  there  was  a 
remarkable  degree  of  homogeneit.v  of  the  tissue.  The  average  nuclear  sizi*  remained  cpiite 
constant  in  the  various  experiments  and  was  therefore  not  considenal  a  significant  vari¬ 
able  in  these  cell  population  calculations. 

•Vverage  thvroid  cell  height  measurements  were  obtained  bv  the  ocular  micrometer 
tlirect  technique  using  oil  immersion  objectives.  \  total  of  twenty-five  rei)resentative 
cells,  each  from  one  randomlj’  selecte<l  intact  follicle,  was  measured  in  each  glaiul 
section  (11). 

Since  the  structure  of  the  thyroid  makes  technically  difficult  an  exact  isolation  for 
counting  of  nuclei  from  tissue  homogenates,  the  average  1)X.\  content  in  the  guinea  pig 
diplohl  nucleus  (5.9  X  10“*'^  g.)  was  used  in  calculating  the  number  of  cells  per  gland  (12). 
This  value  repre.sents  the  average  1)X.\  content  of  one  nucleus  from  resting  tissue  with  a 
low  mitotic  index,  so  that  calculations  on  more  actively  dividing  thyroid  cells  (i.e., 
thyrotropin-treated  animals)  have  only  relative  significance.  The  total  number  of  cells 
in  the  thjToid  was  determined  by  dividing  the  I)N.\  per  whole  gland  by  the  assumed 
a\  i'rage  nuclear  DXA  content  (5.9X  10~*'^  g.).  The  average  cell  content  of  RXA  was  then 
calculated  by  dividing  the  RXA  per  whole  gland  bj-  the  total  number  of  cells  of  the  gland. 

Thg^differences  in  RX.\  content  per  cell  do  not  invariable  refer  to  actual  changes  in 
Cl  iicentration  of  RXA  per  unit  cell  mass  because  of  the  marked  fluctuations  in  relative 
cc'l  sizes  as  indicated  bj'  the  average  cell  Inught  determinations.  Furthermore  since  the 
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change  in  total  DNA  rejiresents  a  change  in  number  of  cells,  the  change  of  the  ratio 

(total  cell  mass\ 
total  DNA  / 

versus  controls  provhles  a  relative  index  of  cell  size. 

Chemical  Methods 

All  tissues  were  kept  on  ice,  weighed  immediateh",  and  homogenized  in  chilled 
Potter-El vej hem  glass  homogenizers  with  chilled  0.25  M.  sucrose.  If  not  immediatc'lx 
used  for  determination  of  nucleic  acids,  the  homogenate  was  kept  at  —20°  C. 

■Vliquots  of  tissue  were  dried  to  constant  weight  in  all  glass  ai)paratus  with  vacuum, 
P2O5,  an<l  heating  by  boiling  toluene. 

DN.\  and  RN.\  were  isolated  bj-  the  Schmidt-Thannhauser-Schneider  (13)  procedun 
and  quantitated  in  duplicate  by  the  orcinol  reaction  for  ribose  of  RN.V  and  diphenyl- 
amine  reaction  for  desoxyribose  of  DN.\.  Yeast  RN.\  and  calf  thj  mus  DN.\  were  used 
as  standards.  The  duplicate  analyses  of  DN.\  agreed  within  3%,  and  of  RN.\  within 
4%.  The  results  agreetl  with  those  obtained  by  spectrophotometric  estimation  of  puriin 
and  pyrimidine  constituents  of  RN.V  and  DN.\.  The  Schmidt-Thannhauser-Schneider 
procedure  was  compared  with  Schneider’s  method  (14).  The  RN.\  data  agreed,  but  tin 
DN.\  analyses  by  the  Schmidt-Thannhauser-Schneider  technique  were  about  10^, 
lower  than  found  by  Schneider’s  methctd.  .Vlong  with  analysis  of  RN.\  and  DN.V  in  the 
thyroid  tissue,  both  nucleic  acids  were  determined  in  the  rat  liver  for  control  purposes. 
The  data  on  nucleic  acid  analysis  were  expre.ssed  as  /xg.  ing.  wet  tissue.  The  water  con¬ 
tent  of  aliquots  of  tissue  was  determined  so  that  the  results  could  be  relaterl  per  unit 
weight  of  dry  tissue.  The  data  on  nucleic  acid  analysis  wen*  also  expn'ssed  jrer  unit  of 
cell  mass. 

Because  the  analyses  were  made  from  whole  tissue  homogenates,  the  contribution  to 
DN.\  and  RN.\  by  the  stroma  cells  was  not  determinable.  However,  this  was  considereil 
relativelj'  constant  since  the  amount  of  thyroid  stroma  changed  very  little  in  these  e\- 
))eriments.  In  order  to  determine  the  nucleic  acid  contcmt  of  colloid,  sheep  thyroid  glands 
were  frozen  with  CO2.  The  tissue  was  cut  in  slices  10-1 5ju  in  thickness,  shaken  in  chilled 
saline,  and  centrifuged  in  the  refrigerated  centrifuge.  Tissue  which  was  resuspendeil 
showed  retention  of  follicular  structure  but  was  devoid  of  colloid.  The  supernatant - 
containing  colloid  was  used  for  DN.\  and  RN.\  determinations.  Since  no  DNA  and  an 
insignificant  amount  (0.13  /xg. /equivalent  1  mg.  wet  tissue)  of  RN.\  was  found  in  the 
c(»lIoid,  the  analysis  of  nucleic  acids  of  the  homogenate  can  be  related  to  cell  mass. 


RESUl.TS 

The  e_tfects  of  thyrotropin,  thyroxine,  and  thiouracil  on  the  nucleic  acids  of  the 
guinea  pig  thyroid  gland 

Thyrotropin-treated  animals.  In  the  thyrotropin-treated  animals,  tin* 
average  wet  weight  of  the  thyroid  increased  128%,  while  total  cell  mass  (»f 
the  gland  increased  330%.  The  cell  population  density  was  decreased  19^, . 
The  average  cell  height  was  increased  246%.  The  DNA  per  unit  weight  cf 
wet  tissue  was  slightly  increased  (10%)  while  DNA  calculated  per  unit 
weight  of  cell  ma.ss  was  markedly  decreased  (41%).  Finally,  the  total  DN.v 
per  gland  was  increased  150%. 

The  increase  in  total  cell  mass  along  with  a  decrease  in  cell  populatio  1 
density  indicate  hypertrophy  of  thyroid  cells,  for  as  cytoplasm  volume  ii  - 
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•leased,  the  eell  and  nuelear  population  densities  naturally  tended  to  de¬ 
cease.  Furthermore,  the  hypertrophy  of  the  eell  is  evident  from  the  pro- 
•ortionally  greater  increase  in  total  eell  mass  than  in  total  DNA 

ter  whole  gland 

/increase  in  total  cell  mass  =  330'  ^  ^  \ 

\  increase  in  total  DNA  =  150'  / 

‘'herefore  this  ratio  (2.2)  is  an  index  of  relative  eell  enlargement.  The 
ivpertrophy  of  the  cells  is  responsible  for  a  great  decrease  in  DNA  per  unit 
eight  of  eell  mass. 

The  ineonsisteney  of  an  increase  in  DNA  per  unit  weight  of  wet  tissue 
. oexisting  with  a  decrease  in  eell  population  density,  apart  from  a  teehni- 
( ;d  error,  could  be  explained  by  an  increased  number  of  cells  with  polyploid 
nuclei,  i.e.,  nuclei  undergoing  mitosis.  This  phenomenon  does  not  repre- 
>i‘nt  a  specific  effect  of  thyrotropin  on  the  nuclear  content  of  DNA  of  each 
iiidividual  thyroid  cell,  since  it  has  been  observed  in  other  growing  tissue, 
-uch  as  in  the  nuclei  of  the  regenerating  liver  (15).  Therefore,  these  data 
Miggest  that  the  nuclear  content  of  DNA  does  not  change  under  thyro- 
iropin  stimulation. 

The  UNA  per  unit  weight  of  wet  tissue  was  considerably  elevated 
(11()%),  but  the  increase  in  UNA  per  unit  of  cell  mass  was  less  marked 
(32%).  The  increase  in  total  UNA  per  gland  was  4(53%. 


Tabi.k  1.  Data  on  cei.i.  height,  strcctcke,  cei.i,  coim  i.ation  density 

AND  I'”  CI’TAKE  OK  THE  THYKOID  GI.AND 
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The  increase  in  total  HNA  (463%)  over  the  increase  in  average  weight 
of  the  gland  (12S%)  in  the  thyrotropin-treated  animals 

/  increase  in  total  RXA  =  4()3% 


\increase  in  gland  weight  =  128% 


=  3.6^ 


appeared  much  greater  than  wheji  correlated  with  the  increase  (330%,)  in 
total  cell  mass 


G 


increase  in  total  HXA  =  463% 
increase  in  total  cell  mass 


ss  =  330^c  / 


The  latter  ratio  (1.4)  serves  as  an  index  of  the  change  of  HX"A  concentra¬ 
tion  per  unit  weight  of  cell  mass.  The  average  amount  of  UNA  per  cell 
showed  an  increase  of  125%.  The  increase  in  HXA  per  cell  is  proportionally 
greater  than  the  increase  of  protoplasm  in  the  cell 

(increase  in  total  RXA  =  4(t3%  \ 
increase  in  total  cell  mass  =  .3.30'  f,/ 

and  therefore  the  concentration  of  HXA  in  the  thyroid  cell  is  increased 
compared  to  the  control  gland.  These  data  suggest  that  HXA  is  increased 
in  the  thyroid  cell  stimulated  by  exogenous  thyrotropin.  The  increase  in 
HX"A  is  less  marked  when  related  to  the  unit  weight  of  cell  mass  than  to 
the  unit  weight  of  whole  tissue.  The  increase  in  total  HXA  is  proportionally 
greater  than  the  increase  in  total  cell  mass. 

Thyroxine-injected  animals.  In  the  thyroxine-injected  animals,  the  aver¬ 
age  weight  of  the  thyroid  was  decreased  32%  and  the  total  cell  mass  of  the 
gland  decreased  21%.  The  average  cell  height  was  slightly  decreased 
(8%).  The  cell  population  density  showed  a  small  increase  (8%).  The 
DXA  per  unit  weight  of  wet  tissue  was  increased  (14%)  while  DXA 
per  unit  weight  of  cell  mass  was  not  .significantly  changed  (  —  2%).  TIk* 
total  DXA  per  gland  was  decreased  23%.  The  decrease  in  total  cell  mass 
along  with  slight  increa.se  in  cell  population  density  suggest  a  very  small 
decrease  in  .size  of  thvroid  cells.  Furthermore  the  small  decrease  in  size  of 


Tabi.e  2.  Data  ox  weight,  water  context,  DN.\  and  R\.\  of  the  thyroid  gland 


Thyroid 
average 
weight,  mg. 

Water  % 

DNA. 

wet  tissue 

DNA, 

MK.  IDK. 
cell  mass 

RNA, 

MR.  n>K. 
wet  tissue 

RNA. 

Mg.  l»‘g- 
cell  mass 

RNA  nx.' 

ag.  wet 
tissui' 

f'ontrol 

47.5 

74.0 

4.73 

16.20 

1.96 

6.71 

0.41 

Thyrotropin 

108.5 

78.9 

5.18 

9.47 

4.83 

8.83 

0.93 

0.5  U.S.P.  sc,  day 
for  14  days 

+128''; 

+7% 

+  10% 

-41% 

+146% 

+32% 

+  127% 

1-Hodiuiii  thyroxine 

32.2 

71.3 

5.40 

15.93 

1.16 

3.42 

0.22 

1(N)  nft.  sc.  day 
for  14  days 

-32% 

-4% 

+14% 

-2% 

-41% 

’-49% 

-46% 

Control 

75.9 

74.8 

4.<K» 

16.42 

2.09 

6.88 

0.42 

Thiouracil 

314.1 

78.0 

4.80 

10.55 

3.22 

7.08 

0.67 

0.2%  in  food 
for  ^  days 

+314% 

+4% 

-4% 

-36% 

+54% 

+3% 

+60% 
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hyroid  cells  is  evident  from  the  essentially  equal  decreases  in  total  cell 
iiass  (—21%)  and  in  total  DNA  per  gland 

/(lecrcasc  in  total  cell  mass  —  21%  \ 

( - . -  -  =  ().l») 

\  decrease  in  total  DNA  —  23%  / 

liis  ratio  (0.9)  being  an  index  of  relative  cell  size.  The  decrease  in  average 
.eight  of  the  thyroid  was  more  due  to  decreased  water  and  colloid  content 
,f  the  ti.ssue  than  to  atrophy  of  the  cells.  The  increa.se  in  DXA  per  unit 
veight  of  wet  tissue  is  a  relative  one  and  is  due  to  the  relative  increa.se  in 
ell  population  density.  This  is  .supported  by  the  fact  that  there  was  no 
ignificant  change  in  DXA  per  unit  weight  of  cell  ma.ss.  These  data  suggest 
hat  the  nuclear  content  of  DXA  does  not  change  in  the  absence  of  thyro- 
iiopin  stimulation. 

The  HXA  per  unit  weight  of  wet  tissue  was  markedly  decreased  (41%) 
and  the  decrease  in  RXA  per  unit  weight  of  cell  ma.ss  was  similarly  40%. 

The  .similarity  of  these  two  forms  of  expre.ssion  merely  shows  that  the 
proportions  of  histological  constituents  did  not  change  compared  to  the 
control  gland  despite  a  definite  decrease  in  average  weight  of  the  gland 
1.32%).  The  total  RXA  per  gland  decrea.sed  (50%.  The  decrea.se  in  total 
RXA  per  gland  ((50%)  was  greater  when  compared  to  the  decrease  (32%) 
of  average  weight  of  the  gland 

/  decrease  in  total  RX.V  =  (50%  ^ 

\  decrease  in  gland  weight  =  32%  / 

and  this  ratio  was  smaller  than  when  the  change  of  RXA  was  compared 
with  the  change  (  —  21%)  in  total  cell  mass 


decrease  in  total  RXA  =  (50%^ 
.decrease  in  total  cell  mass  =  21% 


'File  latter  ratio  (2.9)  is  an  index  of  the  change  of  RXA  concentration  per 
unit  weight  of  cell  ma.ss.  The  RX"A  per  cell  showed  a  decrease  of  4S%.  The 
decrea.se  in  RXA  per  cell  is  proportionally  greater  than  the  decrease  of 
protoplasm  in  the  cell 

/  decroa.so  in  total  RXA  =  (50%  \ 

Vdecrease  in  total  cell  mass  =  21%/ 

and  therefore  the  concentration  of  RXA  in  the  cell  is  decreased  when  com¬ 
pared  to  the  control  gland. 

These  data  suggest,  that  in  the  absence  of  thyrotropin  stimulation  the 
RXA  is  decrea.sed  in  the  thyroid  cell.  The  decrease  in  RXA  was  very  simi- 
1  ir  whether  related  to  the  unit  weight  of  cell  ma.ss  or  to  unit  weight  of  wet 
(  ssue.  The  decrea.se  in  total  RX"^A  per  gland  was  proportionally  greater 
1 4an  the  decrease  in  total  cell  mass. 
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ThiouracU-Jed  animals.  In  the  thiouracil-fed  animals,  the  average  weight 
of  the  thyroid  increased  314%,  and  tlie  total  cell  mass  of  the  gland  in¬ 
creased  519%.  The  average  cell  height  increased  140%,  the  cell  population 
density  was  not  significantly  changed  ( — 0%).  The  DXA  per  unit  weight  of 
wet  tissue  was  not  significantly  changed  (—4%),  while  the  DXA  per  unit 
weight  of  cell  mass  consideiahly  decreased  (3()%).  The  total  I)X"A  pei 
gland  increased  299%.  The  increase  in  cell  mass  with  no  significant  change 
in  cell  population  density  indicate  hypertrophy  of  thyroid  cells.  The  hyper¬ 
trophy  of  thyroid  cells  is  evident  from  a  proportionally  greater  increase  in 
total  cell  mass  than  in  total  DXA  per  gland 


/increase  in  total  cell  mass  =  .)llf  { 
\  increase  in  total  DXA  =  29tf  f 


The  hypertrophy  of  the  cells  is  responsible  for  the  decrease  in  DX.V  per 
unit  weight  of  cell  mass.  The  DX.\  per  unit  weight  of  wet  tissue  and  tht' 
cell  population  density  were  in  agreement  and  their  decrease  was  not  signifi¬ 
cant.  Therefore,  these  results  suggest  that  the  nuclear  content  of  DX.V  is 
not  changed  when  the  secretion  of  endogenous  th\  rotropin  is  increased. 

The  HX.V  per  unit  weight  of  wet  tissue  was  elevated  54%,  but  the  in¬ 
crease  in  KXA  per  unit  weight  of  cell  mass  of  the  gland  was  not  significant 
(3%).  The  total  HX.V  per  gland  increased  53S%. 

The  increase  in  total  HX.V  (538%)  compared  to  the  (314%)  increase  in 
average  weight  of  the  gland 

/  increase  in  total  HX.V  =  .")3H'7  ^  _\ 

Vincrease  in  gland  weight  =  314%,  / 


was  larger  than  when  correlated  with  the  increase  (519%)  in  total  cell  mass 


incnaise  in  total  HX.V  =  .‘)38'  j 
increase  in  total  cell  mass  =  519'{, 


The  latter  ratio  of  approximate  unity  indicate  that  the  total  HX.V  in¬ 
crease  paralleled  the  increase  in  the  total  mass  of  protoplasm.  The  average 
HX.V  per  cell  was  increased  60%.  However,  the  increase  in  HX.V  per  cell 
was  proportionally  similar  to  the  increase  of  protoplasm  in  the  cell 

/  increase  in  total  HX.V  =  538%  \ 

Vincrease  in  total  cell  mass  =  '(/ 

and  therefore  the  concentration  of  HX.\  in  the  thyroid  cell  has  not  in¬ 
creased. 

These  data  suggest  that  HXA  is  increased  in  the  thyroid  cell  stimulatec’ 
by^increased  secretion  of  thyrotropin.  The  increase  in  HX.\  is  not  signifi¬ 
cant  when  calculated  per  unit  weight  of  cell  mass;  for  the  increase  in  tota 
HX.V  per  gland  is  proportionally  equal  to  the  increase  in  total  cell  mass. 


lanitanj,  //y<W 


THYROID  RNA  AND  DNA 


157 


Tabi,e  3.  Data  ox  calci’lated  total  thyroid  cell  mass;  DNA  and  RNA  in 

WHOLE  WET  TISSUE,  CELL  MASS  AND  IN  INDIVIDUAL  CELL 


1 

1 

Calculated  : 
total  thyroid 
cell  mass.  ; 
(mg.)  *(%  of 
colls  X  aver, 
gland  weight)! 

1 

DNA ,  mg. 
gland 
XIO  ‘g. 

i 

Total 
DN.A , 
([land 
XIO  ‘R.  : 

RNA  mg. 
gland 
XIO  •g. 

RN.4  mg. 
thyroid 
cell  mass 
XIO  "g.  j 

1 

Total 
RNA 
Riand 
XIO  «R.  1 

j 

Calculated 
total  No.  i 
of  thyroid  | 
cells  XIO* 

RNA  cell 
XIO  >5r. 

ontrol 

13.8 

4.73  1 

225 

1.96 

6.7 

93 . 1 

38 

2.4 

.SlI 

,5  U.S.P.  sc  day 

59.4  1 

5.18  1 

562 

4.83  1 

8.8 

524 

95 

5.5 

1 

or  14  days. 

+3.30'; 

+109; 

+150';; 

+1469;  1 

+32% 

+463',; 

:  +150''; 

+125%, 

>Ddium  thyroxine 
•  M)  niR.  8C/dav 

10.9 

5.40 

174 

1.16 

3.4 

37.4 

.30 

1.3 

or  14  days 

+14% 

-239; 

-41% 

-499; 

1  -60':; 

1  -2.3% 

i  -48% 

imtiols 

'  23.1  ” 

!  4.99 

1  379 

2.(H.» 

6.9 

'  1.59 

64 

2.5 

['hiouraril 
h2%  in  f<K>d 

142.9 

1  4.80 

1508 

3.22 

'  1 

7.1 

1011 

2.56 

4.0 

.)i  90  days. 

!  +519'/’; 

1  -4% 

1  +299';; 

1  +54% 

1  +3% 

i  +5.38% 

!  +299'-; 

+60'; 

The  KXA^DXA  ratio  was  increased  127%  in  thyrotropin-treated  and 
ti()%  in  tliionraeil-fed  animals,  wliile  in  tliyroxine-injeeted ’animals  it  was 
decreased  4h%.  The  same  changes  in  RXA  DXA  ratio  are  obtained  if 
RXA  and  DXA  are  expressed  per  unit  of  cell  mass. 

The  uptake  of  I'®'  by  the  thyroids  was  greatly  increased  in  thyrotro{)in- 
(reated  and  very  decreased  in  the  thyroxine-injected  animals.  The  in¬ 
creased  uptake  in  thiouraeil-fed  animals  was  due  to  increased  trapping  of 
inorganic  I‘®',  without,  formation  of  significant  amounts  of  protein-bound 
I'®‘  (0.2%),  and  by  chromatography  of  trypsin-digested  thyroid  homogen¬ 
ate  practically  all  I*®'  was  found  to  be  iodide. 

DISCUSSION 

The  data  indicate  that  histological  structure  should  be  considered  in  the 
evaluation  of  chemical  assays  on  a  non-solid  organ,  such  as  the  thyroid 
gland.  When  expressed  in  the  conventional  manner  per  unit  wet  weight  of 
thyroid  ti.ssue  or  per  whole  gland,  chemical  analy.ses  may  be  misleading. 
For  example,  the  cell  mass  in  the  experimental  thyroids  of  this  study 
ranged  from  a  low  of  29.1%  (control)  to  a  high  of  54.7%  (thyrotropin- 
treated)  so  that  a  direct  comparison  of  chemical  a.ssays  on  one  mgm. 
samples  of  these  two  glands  would  be  made  upon  unequal  samples  of  proto¬ 
plasm.  This  is  also  evident  from  the  differences  of  percentage  changes  of 
RXA  as  expres.sed  per  unit  weight  of  whole  tissue,  per  unit  weight  of  cell 
ina.ss  and  per  whole  gland  and  illustrates  how  comparisons  are  actually 
made  on  different  volumes  of  protoplasm. 

These  results  suggest  that  thyrotropin  does  not  affect  the  nuclear  con¬ 
tent  of  DXA.  The  change  in  DXA  per  unit  weight  of  wet  tis.sue  or  per 
’vhole  gland  under  the  stimulation  of  increased  amount  of  exogenous  or 
ndogenous  thyrotropin  reflects  an  absolute  -increase  in  the  number  of 
•ells.  The  increase  in  concentration  of  DXA  in  the  absence  of  thyrotropin 
in  thyroxine-injected  animals)  corresponds  with  the  relative  increase  in 
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numl)er  of  cells  <lue  to  slirinkage  of  follicles  and  stroma,  while  the  decreased 
DXA  content  per  whole  gland  suggests  a  decrease  in  total  number  of  cells. 
The  greater  increase  in  DXA  per  whole  gland  of  thiouracil-fed  animals 
than  in  thyrotropin-treated  animals  (229% :  100%)  most  probably  means 
that  hyperplasia  of  thyroid  cells  is  greater  in  the  former  than  in  the  latter 
group.  The  polyploidy  of  the  nuclei  is  not  significantly  responsible  for  the 
increase  of  total  DX.V  in  thiouracil-fed  animals  because  Santler  (10)  ob¬ 
served  six  mitoses /:100, 000  cells  in  control,  and  only  one  mitosis  800,000 
cells  in  thyroid  glands  of  rats  fed  thiouracil  for  .‘10  days.  Since  in  this  experi¬ 
ment  animals  were  fed  thiouracil  for  JK)  days,  probably  a  relatively  small 
number  of  cells  was  undergoing  mitosis  at  the  time  of  sacrifice.  On  the 
other  hand,  the  greater  hypertrophy  of  cells  in  the  thyrotropin-treated 
group  than  in  the  thiouracil-fed  animals  is  corroborated  by  a  correlation  of 
change  in  total  cell  ma.ss  of  the  gland  with  the  change  in  total  DXA  per 
gland, 

(increase  in  total  cell  mass  =  .3.3tK/,  ^  \ 

increase  in  total  DXA  =  l.W,o  / 

in  the  th\ rotropin-treated,  and 


(increase  in  total  cell  mass  =  .519% 
increase  in  total  DXA  =  ‘299% 


in  the  thiouracil-fed  animals.  Therefore,  the.sedata  suggest  that  during  the 
short  but  very  intensive  stimulation  of  the  thyroid  by  thyrotropin,  the 
hypertrophy  of  cells  contributed  relatively  more  than  hyperplasia  to  the 
enlargement  of  the  gland. 

These  data  also  suggest  that  the  stimulation  of  the  thyroid  with  in¬ 
creased  amounts  of  exogenous  and  endogenous  thyrotropin  is  intimately 
associated  with  an  increase  of  total  HXA  per  gland.  This  is  also  evident 
by  a  great  decrease  in  RXA  in  the  absence  of  thyrotropin  stimulation  as 
ob.served  in  thyroxine-injected  animals. 

The  effect  of  thyrotropin  on  RXA  is  much  less  pronounced  if  the  IfX^A  is 
related  to  the  unit  weight  of  cell  mass  of  the  gland  rather  than  to  the  unit 
weight  of  whole,  wet  tis.sue.  The  data  also  show  that  the  increase  in  RXA 
was  smaller  with  prolonged  stimulation  by  endogenous  thyrotropin  than 
in  short-term  and  intensive  stimulation  with  exogenous  thyrotropin.  The 
smaller  increase  in  the  RXA  of  thiouracil-fed  than  of  thyrotropin-treated 
animals  could  conceivably  be  due  to  an  inhibitory  effect  of  thiouracil  per  se 
on  the  synthesis  of  RXA,  as  has  been  observed  in  tobacco  mosaic  virus 
(17)  and  bacterium  coli  (18).  However,  since  RX"A  is  related  to  protein 
synthesis  and  growth  of  the  cells,  it  is  difficult  to  reconcile  this  explanation 
with  the  fact  that  the  increase  in  average  weight  of  the  thyroid  was  greater 
in  thiouracil  than  in  thyrotropin-treated  animals.  Therefore,  it  is  probable 
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that  thioiiracil  per  se  does  not  significantly  inhibit  the  synthesis  of  KXA 
in  the  thyroid  gland. 

The  present  observations  of:  1,  a  relatively  constant  DXA  content  of 
individual  nuclei;  2.  increases  or  decreases  of  KXA  in  activated  or  inacti¬ 
vated  thyroid  cells  respectively  were  not  reported  in  previous  studies  on 
nucleic  acids  in  the  thyroid  gland  by  Dempsey  and  Singer  (1);  Keich  (2); 
Koels  (4);  and  Kerabek  and  Herabek  (o);  and  Van  hirkelns  (7).  The  re¬ 
sults  of  present  studies  are  essentially  in  agreement  with  the  observations 
of  Suzuki  (())  ;  Alfert,  liern  and  Kahn  (d);  and  Fiala,  Sproul  and  Fiala  (<S). 

Cdose  (piantitative  comparisons  of  the  results  of  previous  and  present 
studies  are  not  possible  because  different  laboratory  technicjues  were  used 
and  in  none  of  the  previous  studies  were  correlations  made  between  the 
chemical  change  of  nucleic  acids  and  the  change  of  the  structure  of  the 
thyroid  gland. 
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LLMITATIONS  OF  THE  CHICK  RADIOPHOSPHORUS 
UPTAKE  ASSAY  AND  THE  CHICK  RADIOIODINE 
DEPLETION  ASSAY  FOR  THYROTROPIC 
HORMONE  WHEN  APPLIED  TO 
BLOOD  AND  URINE'^ 

FILVNCIS  S.  GREENSPAN  and  WILLIAM  LEW 
With  the  technical  assistance  of  Felina  Pasco 
Ikpnrtment  of  Medicine,  Stanford  I’riiversity  School  of  Medicine, 

San  Francisco,  California 

ABSTRACT 

Tli(‘  cliick  tliyroid  1**-  uptako  and  P”  depletion  methods  for  the  hioassay  of 
anterior  pituitary  tliyrotropie  hormone  (TSH)  have  been  ai)plied  to  the  meas¬ 
urement  of  TSH  in  human  serum  and  urine.  Although  there  are  fleteetahle  levels 
of  TSH  in  s(‘ra  from  some  patients  with  myxedema,  hyperthyroidism,  orexo|)h- 
thalmos,  the  levels  in  normal  individuals  are  too  low  to  measure  aeeurately. 

'I’he  ultrafiltrate  residue  of  urine  eontains  a  non-hypophyseal  faetor  whieh 
stimulates  the  ujjtake  of  hy  the  ehiek  thyroid,  whieh  inijmses  limitations  on 
the  applieation  of  the  P’-  ujitake  assay  to  urine.  I'rine  ultrafiltrate  residue  also 
contains  a  non-hypophyseal  factor  which  interferes  with  the  effect  of  TSH  on 
P'*'  de|)Ietion  in  tlie  chick  thyroid.  .Vssay  of  TSH  in  human  serum  or  urine  by 
tlies(‘  methods  will  recpiire,  therefore,  either  concentration  of  TSH  from  serum 
or  elimination  of  interfering  factors  from  urine. 

The  uptake  of  ra{liopho.‘<phorus  (P^^)  hy  the  tliyroid  slancl  of  the  chick, 
and  the  depletion  of  radioiodine  (I'*')  from  the  chick  thyroid  have 
been  developed  into  .simple  and  .sen.sitive  procedures  for  the  hioa.s.sav  of 
anterior  pituitary  thyrotropic  hormone  (TSH)  (1,  2,  4).  These  methods 

are  adaptable  to  a  4-  or  6-point  bioassay  design  (5)  which  may  then  be 
applied  to  the  measurement  of  TSH  in  human  serum  and  urine.  Substances 
interfering  with  the  bioassay  of  TSH  have  been  found  in  serum  by  Postel 
(6)  and  in  urine  by  Greenspan  et  al.  (7)  and  Starr  ct  al.  (8).  This  report 
deals  with  the  limitations  of  the  chick  P*^  uptake  a.s.say  and  the  chick  P** 
depletion  assay,  as  applied  to  blood  and  urine,  because  of  the  presence  of 
nonspecific  reactive  substances  and  interfering  .substances. 

MATERIALS  AND  METHODS''’ 

Blood:  Fresh  or  frozen  sera,  or  blood  specimens  prepared  by  the  method  of  de  Robertis 
(9),  were  examined. 

*  This  work  was  supported  in  part  by  Grant  Number  .\-568  from  the  National  Institute 
of  .\rthritis  and  Metabolic  Diseases,  Public  Health  Service. 

*  Presented  to  the  American  Goiter  .\ssociation  .Tune  18,  1958. 

®  TSH  standard  preparation  Lot  No.  6,  used  in  these  experiments,  was  kindlj’  sup¬ 
plied  by  .\rmour  Laboratories,  Kankakee,  Illinois. 
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I  'rine:  Tweiity-four  hour  spocimons  of  urine,  collected  under  refrigenition,  were  ultni- 
tiltcred  through  ;i  2%  collodion  membrane  according  to  the  method  of  Gorhman  (10). 
The  membrane  was  removed  with  anhydrous  alcohol-ether  and  the  dried  ultrafiltrate 
residue  (TFR)  was  dissolved  in  saline  prior  to  assay.  In  the  ])resence  of  a  small  amount 
of  carrier  ])rotein,  (piantitativi'  recovery  of  i)urifi('d  TSH  was  achieved  by  ultrafiltration. 
The  dose  of  urine  TFU  is  e.\i)ressed  in  “hours,”  i.e.,  one  hour  of  urine  I’FR  represents 
1  24  of  a  daily  urine  collection.  Twenty-four  hours  of  human  urine  I’FR  contained  about 
.')0  mg.  of  |)rotein,  as  well  as  small  amounts  of  Xa,  K,  Mg,  and  Ca.  Doses  of  4  hours  of 
human  urine  I'FR  produced  no  evident  toxic  effects  in  recipient  chicks. 

The  /“-  uptake  assay:  The  details  of  this  assay,  based  upon  the  uptake  of  1”’  by  the 
chick  thyroid  (5  hours  after  intracardiac  administration  of  TSH  or  test  substance,  have 
l)C(‘n  H'portcd  (1).  The  n‘s])onse  is  expressed  as  \  t.  where  t  equals  the  time  required  to 
count  1024  counts  j)er  thyroid.  Increaserl  P'‘-  uidake  induced  by  TSH  is  indicated  by 
decreased  \  t.  The  useful  range  of  the  assay  is  0.2.5  to  5  milliunits  of  TSH  (1  milliunit, 
abbreviated  “mu.”  equals  0.001  r.S.P.  unit  of  TSH).  The  precision  of  a  series  of  assays, 
using  groups  of  5  chicks  jaw  dos(‘,  was  indicated  by  a  mean  lambda  of  0..34. 

The  /'■”  depletion  assay:  The  method  of  Bates  and  Cornfield  (4),  based  upon  the  de- 
l)lction  of  P^*  from  the  thyroid  glands  of  chicks  treated  with  thryoxine  and  propylthio¬ 
uracil.  was  found  satisfactory  only  with  chicks  having  a  high  spontaneous  ui)tak(‘  of 
p.ii  4  response  is  expressed  as  per  cent  of  the  initial  content  of  1'^'  nunaining  24  hours 
after  sid)cutaneous  a<lministration  of  test  substances.  Increased  TSH  potency  is  indi¬ 
cated  by  decnaised  per  cent  P^'  remaining.  TIu'  useful  range  of  the  assay  was  1  to  1(5 
mu.  rSH,  and  with  groups  of  5  chicks  per  dosi‘  the  mean  lambda  for  a  seri(>s  of  assays 
was  0.22. 

Other  methods  of  study:  Twenty-four  hour  P'*'  uptakes  were  determined  in  thyroxine 
treated  chicks  after  2  days  of  administration  of  test  substances.  Histological  examination 
of  chick  thyroids  was  made  after  3  <lays  of  administration  of  test  substances.  These 
tcchnicpies  were  comparatively  insensitive  to  TSH  but  w(‘re  useful  to  demonstrate  sub¬ 
stances  interfering  with  TSH. 


RESULTS 

Mlcinpts  to  (i.smii/  TSN  in  ncrnni 

Liniitdlions  of  flic  uptake  assay:  ^^'o  wore  iinahle  to  dotoot  TSH  ac¬ 
tivity  in  serum  from  normal  subjects,  patients  witli  (Jraves’  disea.se,  or 
patients  with  malignant  exophthalmos.  TSH  was  not  detectable  in  blood 
proce.s.sed  by  the  method  of  de  Robertis  (9)  nor  in  serum  protein  fractions 
prepared  by  continuous  flow  paper  electrophoresis  according  to  the  method 
of  Durrum  (11)  (Table  1).  Although  the  P'’-  uptake  a.s.say  will  detect  0.2.1 
mu.  of  TSH,  intracardiac  injection  of  test  substances  limit.s  the  injection 
volume  to  0.1  cc.,  so  that  the  minimal  detectable  amount  of  TSH  in  un- 
concentrated  .serum  would  be  2..1  mu.  per  ml.  Application  of  this  as.say 
technique  to  untreated  serum  is  limited  to  specimens  containing  very  high 
levels  of  TSH. 

Limitations  of  the  depletion  assay:  This  assay  will  usually  detect  1 
mu.  of  TSH;  and  since  a  maximum  of  2  ml.  of  serum  can  be  administered 

*  White  leghorn  cockerels,  obtained  from  Kiinbcr  Hatchery,  Xiles,  California,  were 
-atisfactory  until  .Tunc  19.58,  when  P*'  uptake  diminished  due  to  addition  of  iodide  to 
the  diet. 
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Table  1.  The  ekkect  ok  htman  serkm  and  blood  fractions  on  P'’- 

l  PTAKE  OK  CHICK  THYROID 


P”  uptake  response* * * § 

.Sourc<‘  of  serum 
or  blood 

1  lose, t  1 
ml./ 

Serum  or 
blood 

\  T-i-2  si; 

Control 

TSH 

standard 

chick 

xT-t-2  SE 

Dose, 

mu.t 

Response, 
xT-1-2  SE 

Normal  serum 

0.1 

1 1  .04  +0.82 

12.27  +  1 .21 

0.5 

10.15  +  1.13 

Exophthalmos  si-rum 

0.1 

10.80+0.32 

10.61  + 1  . 10 

0.75 

7.80+0.67 

Hvperthvroid  serum 

0.1 

12. ,50  ±0.63 

12.30  ±1  .05 

i) .  5 

10.0310.47 

Normal  blood, §  8,5%  a<‘e- 

tone  pri'cipitate 

0.5 

10. 15  ±1  .00 

11  .57±1  .30 

2.0 

7.2010.82 

Normal  serum :11 

.\lbumin 

0.13 

10.01  +0.20 

1 1  .07  +  1 .28 

i  0.5 

11.00  +  1.21 

«-frf  (ilobulin 

0.13 

10.02  +0.60 

1.5 

8.67  +  1.02 

y  (ilobulin 

0.17 

11.21  +1.00 

4 .5 

i  6.00  +  1.11 

*  Kcspolisc  (‘xprcsscO  as  \  t,  where  t  (‘ipials  time  to  count  1024  ets.  per  thyroid. 

Values  represent  mean  ±2  standard  errors  for  groups  of  5  ehieks. 

t  l)os(‘  of  fresh  serum,  or  the  amount  of  blood  or  serum  represented  by  0.1  ml.  of  eoneen- 
trat<‘. 

X  1  mu.  TSH  (-(pials  0.001  I'.S. P.  unit  of  TSH. 
j  Hlood  processed  by  method  of  de  Hobertis  (0). 

'  2.5  ml.  serum  fractionated  bv  eontinuous  flow  paper  electrophoresis  method  of  Durrum 
(ID. 

to  tlie  cliick  suliciitaneou.sly,  the  minimal  deteetalile  concentration  of  TSII 
in  serum  would  he  O.o  mu.  per  ml.  The  concentration  of  TSH  in  serum 
would  have  to  he  considerahly  higher  than  this  to  permit  application  of  a 
l-point  hioa.ssay  procedure.  Table  2  shows  the  results  of  a  .series  of  assays 
in  which  the  I‘“‘  depletion  respon.se  of  2-ml.  portions  of  .serum  from  vari- 


TaBLE  2.  .Vl'TIVITY  OK  SERA  FROM  VARIOI  S  PATIENTS  IN  THE  I”' 
DEPLETION  ASSAY 


Diagnosis 

Patient 

P’*  deph'tion  response* 

Sex 

Age 

Control,  TSH,  1  mu.  *  Serum,  2  ml. 

%  R  ±2  SE*  %  R  ±2  SEt  %  R  ±2  SE 

PJ  value 

Normal 

F 

36 

86.4+3.0  66.5+  5.8  82.8+  2.8 

>  .05 

F 

31 

70.513.2  78.5+  3.4  j  80.0+  5.0 

>  .05 

F 

44 

88.8+4.0  '  78.6+  7.0 

> .02,  < .05 

.M 

38 

84.6+2.4  ;  72.3+  8.2  72.0  +  11.0 

.05 

.\1 

30 

02.217.0  77.61  8.2  83.31  1.5 

.05 

•M  vxedeinit 

F 

.50 

84.6+2.4  '  72.3+  8.2  76.7+  7.4 

.05 

F 

oo 

100.8+6.4  :  02.4+  6.4  80.4+  5.2 

.01 

F 

.50 

85.6+3.2  :  76.5  +  11.4  75.0  +  11.4 

>  .05 

F 

52 

86.514.2  i  75.41  5.8  |  74.2±11.2§ 

>  .05 

Craves’  Disc'ase 

F 

38 

100.8+6.4  02.4+  6.4  00.4+  6.8 

>  .05 

F 

oo 

100.816.4  02.41  6.4  :  84.81  5.6 

<  .01 

Malignant  Exophthalmos 

.M 

.50 

02.013.4  84.1  1  2.6  76.71  1.5 

<  .01 

.M 

30 

74.717.8  77.6112.4  67.7  ±11. >5 

>  .05 

Pituitary  Myxedema 

F 

71 

8.5.613.2  :  76.5111.2  84. 6±  3.8 

>  .05 

*  Response  (%R)  expressed  as  %  initial  thyroid  content  of  I”'  remaining  24  hours  after 
test  substarce,  mean  +2  stamlard  errors  for  groups  of  5  ch'cks. 

+  This  is  a  single  point  from  the  TSH  dose  response  curve  presented  to  indicate  the  sensi¬ 
tivity  of  the  assay.  1  mu.  TSH  etjuals  0.001  U.S.P.  unit  of  TSH. 

J  P  value  for  comparison  of  scrum  group  with  control  group. 

§  Response  to  0.6  ml.  serum. 
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ous  patients  was  compared  with  a  TSH  standard  curve  run  simnltaneously. 
Sera  from  normal  subjects  revealed  barely  significant  depletion  activity. 
Although  it  is  not  obvious  from  the  individual  assays,  it  can  be  shown  by 
pooling:  the  data  that  sera  from  patients  with  myxedema,  Clraves’  disease, 
and  malignant  exophthalmos  were  more  active,  but  the  activity  was  still 
not  high  enough  to  permit  utilization  of  a  4-point  bioassay  procedure. 
Thus,  even  with  the  increased  precision  achieved  by  use  of  larger  groups  of 
animals,  it  is  apparent  that  the  depletion  assay  is  also  limited  to  sera 
containing  high  levels  of  TSH. 


DOSE  URINE  EXTRACT,  HOURS 
DOSE  TSH.  MILLIUNITS 

Fio.  1.  Kffoct  of  TSH  and  urine  TKR  on  1”'^  uptake*  assay.  Each  point  represents  nn'an 
res|)onse  +  1  .standard  deviation  for  ^roup  of  .5  ehieks.  In  tins  and  in  sueeeedinfi  eliarts, 
tlie  dose*  of  urine  t'ER  is  expressed  in  lionrs,  when*  1  hour  eepials  1/21  of  a  daily  urine 
colleetion. 


Attempts  to  asseiy  TSH  in  urine  ultrafiltrate  residue 

Limitations  of  the  P'*-  uptake  assay:  We  have  found  that  urine  IT'd'  from 
all  subjects  tested  stimulated  the  uptake  of  P-^-  by  the  chick  thyroid.  Speci¬ 
mens  of  urine  UFK  from  normal  individuals  were  (juite  active  in  the  P*’ 
uptake  assay,  but  the  dose-response  curves  were  flat  (Pig.  1).  In  GO  as.says 
of  urine  UFH  from  various  patients,  the  slopes  of  the  urine  curves  were 
ignifieantly  less  than  the  .slopes  of  the  standard  TSH  curves.  This  sug¬ 
gested  that  the  factor  in  urine  UFH  active  in  the  1”-  uptake  a.ssay  was 
different  from  TSH  or  that  some  interfering  factor  was  pre.sent.  Specimens 
of  urine  UFH  from  5  patients  with  clinical  and  laboratory  evidence  of 
panhypopituitarism  were  found  to  have  considerable  activity  in  this 
assay  (Table  3).  In  these  subjects,  we  did  not  have  autopsy  proof  of  the 
completeness  of  hypophysectomy.  However,  we  have  assayed  samples  of 
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Table  3.  I'Afect  of  urine  I'FH  from  patients  with  panhypo¬ 
pituitarism  ON  THE  P’2  UPTAKE  OF  CHirK  THYROIDS 


Pa-  i 
tieiit 

Clinical  diagnosis* 

1 

1 

Control 

response, 

1  \t±2.SEt 

T.SM 

dose,t 

inu. 

TSH 

response, 

^  \T±2SEt 

CFH  I't’H 

dose,  ;  response, 
“hrs.”  \  t  ±2  SE  + 

Don 

Craniopharvngionia 

;  15.23+0.81  j 

1  0.75 

11.40  +  1.24 

3.0  11. 08  ±1.34 

Tak 

'  Craniopharvngioma 

.  10.41  +0.60  1 

1  0.75 

0.13  ±0.71 

1 .5  8.33  ±0.r)8 

.McC 

Chromophobe  adiMionia 

i  13.01  +1  .01 

:  0.75 

10.73±1 .21 

1.5  8.05+0. til 

Pas 

Hvpophvsectoinv§ 

13.71  +0.75 

0. 75 

0.07  +  1.10 

1.5  7. 80  ±1.13 

Zwv 

Ilypophysectomy  § 

13.71  ±0.75 

0 . 75 

0.07  ±1.10 

1.5  0.07  +  1.27 

*  All  patipiits  had  clinical  and  laboratory  evidence  of  thyroiil  insufficiency  with  jianhypo- 
pitnitarism.  _ 

t  Hesjionse  expri'ssed  as  \  t,  where  t  equals  time  reipiired  to  count  U)24  cts.  jier  thyroid, 
±2  standard  errors.  (Iroups  of  5  chicks  per  dose. 

t  This  is  a  single  point  from  the  TSH  dose  response  curve  jiresented  to  indicati'  the  sensi¬ 
tivity  of  the  assay. 

§  Patients  with  advanced  breast  carcinoma  hypojihysectomized  by  irradiation  with  deii- 
teron  beam.  Specimens  wert'  obtained  through  the  kindness  of  Dr.  J.  X.  Lawrence,  Donner 
Laboratory,  I’ldversity  of  C'alifornia,  Perkeley,  C'alifornia. 


iiriiio  UFH  from  normal  and  totally  liypophyseotomiztMl  dogs’’  and  havo 
found  considerahle  activity  in  each.  The  dose-respon.se  curves  from  such 
an  as.say  are  presented  in  Figure  2.  Urine  UFK  from  both  the  normal  and 
the  hypophysectomized  dog  contained  essentially  the  same  activity  in  the 
P*-  uptake  assay.  Within  the  range  tested,  there  was  no  increase  in  re¬ 
sponse  with  increased  dosage.  This  effect  is  considerably  different  from 
that  of  TSH.  The.se  findings  .suggest  that  there  is  in  urine  UFH  a  non- 
hypophyseal  factor  which  stimulates  the  uptake  of  P-*-  by  the  chick  thy¬ 
roid.  This  greatly  interferes  with  the  application  of  the  P^-  uptake  assay 
to  the  study  of  TSH  in  urine. 

Limitations  of  the  uptake  assay:  Urine  UFH  from  normal  subjects 
was  consi.stently  active  in  the  P®^  depletion  assay,  whereas  urine  UFH 
from  patients  with  panhypopituitarism  was  inactive.  However,  the  dose 
response  curve  of  human  urine  UFH  in  this  assay  was  invariably  flatter 
than  the  TSH  curve  (Fig.  .3).  Furthermore,  when  urine  UFH  was  adminis¬ 
tered  to  the  chick  in  a  .separate  site  but  simultaneously  with  TSH,  the 
resultant  P”  depletion  dose  response  curve  was  significantly  modified 
(Fig.  3).  The.se  findings  indicated  the  presence  of  a  factor  in  normal  human 
urine  UFH  which  interfered  with  the  effect  of  TSH  upon  the  discharge  of 
P^‘  from  the  chick  thyroid  gland.  Urine  UFH  from  normal  and  hypophy¬ 
sectomized  dogs  was  similarly  studied.  Pbine  UFH  from  normal  dogs  was 
usually  active  in  the  P^'  depletion  a.ssay  although  the  do.se-response  curve 
was  flat.  Urine  UFH  obtained  from  hypophysectomized  dogs  was  con¬ 
si.stently  inactive.  This  confirmed  our  ob.servations  on  human  urine  UFH, 
and  also  implies  that  the  P®'  depletion  response  is  probably  more  specific 
for  TSH  than  the  P'*-  uptake  respon.se.  When  urine  UFH  from  normal  or 
hypophysectomized  dogs  was  administered  to  the  chick  in  separate  sites 

*  These  specimens  were  kindly  supplied  by  Dr.  W.  F.  (lunong,  Department  of  Physi¬ 
ology,  Eniversity  of  California  School  of  ^^edieine. 
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Fi(i.  2.  Kffoct  of  uiine  VFR  from  liypoi)hyseftomizi‘(l  and  normal  ilogs  in  P’-  uptake 
assay.  Kach  point  reprc'sents  mean  ±  1  standard  deviation  for  mronj)  of  5  eliieks. 

l)ut  simultaneously  tvitli  standard  T8H,  the  expeeted  TSII-indueed 
depletion  response  was  partially  inhibited  (Fig.  4).  Although  in  this  experi¬ 
ment  there  was  no  spontaneous  TSH-like  activity  in  the  urine  UFK  from 
either  the  normal  or  the  hypophyseetomized  animal,  2  hours  of  urine 
FFH  clearly  interfered  with  the  activity  of  4  mu.  of  TSH.  A  similar  type 
of  interference  with  TSH  action  was  obtained  when  I''*'  uptake  was  studied. 
In  chicks  with  a  low  spontaneous  uptake,®  administration  of  .jO  mii. 


Fig.  .3.  Separate  and  combined  effects  of  normal  human  urine  UFR  and  TSH  in  I*’*  de¬ 
pletion  assay.  Each  point  represents  mean  ±  1  standard  deviation  for  group  of  5  chicks. 

'  White  Leghorn  cockerels  with  low  P''*  uptakes  were  obtained  from  Poehlmann 
Hatcheries,  Petaluma,  California. 
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of  TSU  induced  a  significant  increase  in  uptake.  This  effect  of  TSII  was 
completely  blocked  by  the  .simultaneous  administration  of  2  hours  of 
urine  UFR  from  normal  or  hypophysectomized  dogs  (Fig.  5).  Comparable 
effects  were  obtained  with  urine  UFR  from  normal  humans. 

Urine  UFR  from  human  .subjects  was  also  al)le  to  block  the  effect  of  TSH 
on  the  histological  structure  of  the  chick  thyroid.  In  this  experiment,  groups 
of  ()  chicks  received  daily  injections  of  20  mu.  of  TSH,  or  2  “hours”  of 
human  urine  UFR,  or  both,  for  three  days.  Twenty-four  hours  after  the 
last  injection  the  thyroids  were  removed  for  histological  examination. 
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Fig.  4.  Effect  of  urine  I’FR  from  nor¬ 
mal  and  hypoj)hyseetomiz(‘d  dof's  in  the 
P”  dejdetion  assay.  Eaeli  jxtint  represtuits 
mean  ±  1  standard  deviation  for  a  ^roup  of 
.')  cliicks. 


Fig.  .5.  Effect  of  urine  FFR  from  nor¬ 
mal  and  hypophysectomized  dogs  on  the 
uptake  of  chick  thyroids.  Each  point 
represents  mean  ±  1  standard  deviation  for 
a  group  of  6  chicks. 


Representative  sections  are  pre.sented  in  Figure  0.  TSII  induced  marked 
cellular  hyperplasia  and  loss  of  colloid.  This  was  completely  blocked  by 
the  .simultaneous  administration  of  urine  UFR. 

These  data  clearly  indicate  that  there  is  in  human  and  animal  urine  a 
factor  which  interferes  with  the  action  of  TSII  on  the  chick  thyroid  gland. 
Since  it  is  pre.sent  in  urine  from  hypophysectomized  animals,  it  is  not  of 
hypophy.'^eal  origin.  The  pre.sence  of  this  interfering  factor  limits  the  appli¬ 
cation  of  the  depletion  as.saj’  to  urine. 


Attempts  to  separate  TSH  from  interfering  substances  in  human  urine  UFR 

Extensive  studies  have  been  made  in  an  effort  to  separate  TSII  from 
interfering  substances  in  urine  UFR.  No  separation  of  these  two  activities 
could  be  made  by  treatment  of  urine  UFR  with  heat,  pepsin  hydrolysis, 
sodium  periodate,  acid  hydrolysis,  10%  trichloracetic  acid  extraction. 
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Fig.  6.  Effect  of  TSH  and  human  urine  FFR  on  the  histolof!;ieal  structure  of  tlie 
chick  thyroid.  (Hematoxylin  and  eosin  stained  sections  magnified  22()X.)  1.  (Fpper 
left)  Control  2.  (Cpper  right)  0.02  C.S.P.  units  of  TSH  daily  for  days.  (Lower  left) 
2  hours  of  UFR  daily  for  3  days.  4.  (Lower  right)  0.02  U.S.P.  units  of  TSH  plus  2  hours  of 
TFR  daily  for  3  days. 

acid  acetone  or  alkaline  acetone  fractionation,  or  separation  between  n- 
butanol  and  p-toluene.sulfonic  acid  (12).  We  have  recently  applied  the 
method  of  Bates  and  Condliffe  (13),  using  decreasing  concentrations  of 
ethanol  .saturated  with  NaCl,  to  elute  a  mixture  of  urine  UFR  and  filter  aid 
(llyflo  Super-ceF).  Preliminary  data  indicate  that  bovine  TSII  may  be  re¬ 
covered  at  a  concentration  of  ()5%  to  70%  ethanol  .saturated  with  XaCl. 
Urine  UFR  also  yields  an  active  fraction  eluted  at  70%  ethanol-NaCl. 
Further  studies  are  in  progre.ss  to  characterize  the  relative  concentrations 
rSII  and  TSII  interfering  substances  in  these  fractions. 

DISCUSSION 

Our  data  suggest  that  the  levels  of  TSH  in  normal  sera  are  below  O.o  mu. 
tier  ml.,  confirming  the  reports  of  Gilliland  Strudwick  (8),  DiGeorge  et  al. 
(14),  and  McKenzie  (15).  It  is  possible  that  high  serum  TSII  levels  in 
patients  with  myxedema  and  exophthalmos  can  be  determined  by  the 

'  Kindly  supjdied  by  Johns-Manvilic  Company,  New  Ah>rk  16,  New  York. 


(IHKKNSPAN,  LKW  AND  PASC’O 


Volunu 


KW 

I'-'*  depletion  assay  in  a  4-point  system,  but  the  levels  found  in  normal 
individuals  are  too  low  to  measure  by  this  method.  We  have  evidenee  that 
large  amounts  of  inactive  serum  protein  will  flatten  the  dose  response 
curve  of  purified  TSH  in  both  the  P^-  uptake  assay  and  the  depletion 
assay.  In  addition,  larger  amounts  of  serum  will  probably  reveal  evidenee 
of  the  factor  interfering  with  TSH  described  by  Postel  (6).  Isolation  of 
TSH  from  serum  may  be  difficult  since  Querido  has  reported  that  2  sera 
fractionated  by  the  Cohn  technique  yielded  TSH  activity  in  different  frac¬ 
tions  (16).  Further  study  of  serum  fractionation  is  indicated,  as  is  explora¬ 
tion  of  more  sensitive  methods  of  TSH  bioassay,  such  as  P®'  discharge  in 
the  mouse  as  reported  by  McKenzie  (15)  or  P®^  uptake  of  tissue  cultun' 
preparations  of  guinea  pig  thyroid  recently  described  by  Bottari  (17). 

The  presence  of  a  non-hypophyseal  factor  in  human  and  dog  uriiu' 
UFH  which  is  active  in  the  P®®  uptake  assay  is  quite  surprising.  The  stimu¬ 
lation  of  the  uptake  of  P®®  in  chick  thyroid  has  been  considered  a  specific 
effect  of  TSH  (1,  2).  Indeed,  the  only  substance  other  than  TSH  and  urine 
UFR  active  in  this  assay  has  been  cobalt  (18).  Studies  on  the  distribution 
of  P®®  in  various  phosphate-containing  fractions  of  chick  thyroid  tissue 
processed  by  the  method  of  Schneider  (19)  have  revealed  differences  in  the 
effects  of  these  3  substances.  In  these  studies,  chick  thyroid  glands  were 
fractionated  into  acid  soluble  phosphorus  (ASP),  lipid  soluble  phosphorus 
(LSP),  nucleic  acid  phosphorus  (NAP),  and  phosphoprotein  (PP).  TSH 
markedly  increased  P®-  uptake  into  all  of  these  fractions.  Cobalt  induced 
a  marked  rise  in  P®®  content  of  the  ASP  fraction  with  slight  depletion  of 
P®®  from  the  other  fractions.  Human  urine  UFH,  like  TSH,  induced  .signif¬ 
icant  increments  of  P®-  into  all  fractions,  but  there  was  a  somewhat  greater 
rise  in  the  P®®  content  of  the  ASP  fraction,  and  a  lesser  ri.se  in  P®®  content  of 
XAP.  Thus  the  effects  of  urine  UFH  were  intermediate  between  those  of 
cobalt  and  TSH.  The  nature  of  the  factor  in  urine  UFH  inducing  this 
reaction  will  require  further  study.  The  presence  of  this  factor  in  urine 
UFH  presents,  however,  a  definite  limitation  in  the  use  of  the  P®®  uptake 
a.s.say  as  applied  to  urine. 

The  presence  of  a  factor  in  urine  which  interferes  with  the  action  of 
TSH  is  of  great  importance  in  evaluating  human  TSH  bioa.s.say  data. 
Since  this  factor  is  pre.sent  in  the  urine  of  hypophysectomized  dogs,  it  is 
not  an  inactivated  or  acetylated  TSH  with  blocking  effect,  as  described  by 
Sonenberg  and  Money  (20).  It  is  present  in  urine  extracts  prepared  by 
acetone  precipitation  (9),  indicating  that  it  is  not  an  artifact  induced 
by  ultrafiltration.  Data  on  urine  levels  of  TSH  reported  by  Bloch-Michel 
(21)  and  Currie  (22)  may  have  to  be  corrected  for  the  presence  of  an  inter¬ 
fering  .substance.  This  factor  interfering  with  TSH  is  also  of  con.siderable 
theoretical  interest.  Although  it  may  repre.sent  some  non-specific  toxic 
effect  ol  serum  or  urine,  it  could  repre.sent  an  extrapituitary  mechanism 
for  modifying  thyroid  function.  If  it  can  be  separated  from  TSH  in  serum 
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)!•  uriiio,  we  ylmll  be  able  to  iletermine  more  precisely  its  role  in  thyroid 
physiology. 
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THE  ENDOCRINE  SOCIETY 

1959  Annual  Meeting 


The  Forty-First  Annual  Meeting  of  The  Endocrine  Society  will  be  held 
in  the  Haddon  Hall  Hotel,  Atlantic  City,  New  Jersey,  Thursday,  Friday, 
and  Saturday,  June  4,  5,  6,  1959. 

The  Chairman  of  Local  Arrangements  is  Dr.  Matthew  Molitch. 

Scientific  Sessions  will  be  held  from  9:00  a.m.  to  5:00  p.m.  daily,  and  in 
addition  there  will  be  simultaneous  afternoon  sessions.  The  annual  dinner 
is  scheduled  for  Friday,  June  5th  at  7:30  p.m.  preceded  by  cocktails  at 
6:30  P.M. 

All  members  are  urged  to  make  their  hotel  reservations  immediately.  The 
Chalfonte-Haddon  Hall  Hotel  will  hold  300  bedrooms  for  members  until 
May  1,  1959,  after  which  time  the  hotel  will  not  guarantee  further  reserva¬ 
tions.  Therefore  it  is  imperative  that  you  make  your  reservations  now 
directly  with  the  hotel,  advising  them  of  time  and  date  of  arrival  and  de¬ 
parture.  Make  your  reservations  now  and  avoid  disappointment. 

Final  program,  membership  card  and  advance  registration  forms  will  be 
sent  on  May  1st  1959  to  members  whose  current  dues  have  been  paid. 

Those  wishing  to  present  papers,  which  will  be  strictly  limited  to  ten 
minutes,  should  send  four  copies  of  the  title  and  abstract  to  the  Vice- 
President,  Dr.  Frank  Engel,  Duke  Hospital,  Durham,  North  Carolina, 
not  later  than  February  1,  1959.  It  is  imperative  that  the  abstracts  be  in¬ 
formative  and  complete  with  results  and  conclusions — not  a  statement  that 
those  will  be  presented  at  the  meeting — in  order  that  they  may  be  of 
reference  value  and  suitable  for  printing  in  the  program.  The  reading  and 
processing  of  approximately  two  hundred  abstracts  submitted  each  year 
and  compiling  of  the  program  from  these  involves  a  tremendous  amount  of 
time  and  effort  on  the  part  of  the  Program  Committee.  The  Council  re- 
(jiiests  that  authors  adhere  strictly  to  the  following  rules  when  submitting 
abstracts,  otherwise  they  cannot  be  considered: 

1.  IT  IS  ASSUMED  THAT  ABSTRACTS  SUBMITTED  FOR  THIS 
PROGRAM  HAVE  NOT  AND  WILL  NOT  BE  SUBMITTED 
ELSEWHERE. 

2.  Abstracts  may  not  exceed  two  hundred  words,  or  equivalent  space, 
exclusive  of  title.  No  footnotes  or  acknowledgements  to  sponsors  can 
be  published.  Reference,  if  used,  must  be  placed  in  the  body  of  the 
text.  The  abstract  should  consist  of  a  single  paragraph,  if  possible. 
Structural  chemical  formula  cannot  be  used. 

3.  The  title  heading  must  be  arranged  as  follows: 

Line  1.  Title,  not  to  exceed  fifteen  words. 
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Line  2.  Author/s.  The  name  of  each  non-member  author  collaborat¬ 
ing  with  member-authors  is  to  be  followed  by  the  phrase 
“(by  invitation).”  Names  of  non-members  who  are  intro¬ 
duced,  i.e.,  who  are  not  collaborators  with  member-authors, 
are  to  be  followed  by  the  phrase  “(introduced  by  The 

principal  degree,  e.g.,  M.D.,  of  each  author  should  be  written 
after  his  name. 

Line  3.  Institution  of  origin  and  city  in  which  institution  is  located. 

4.  The  body  of  the  abstract,  typed  double  space,  should  follow  the  head¬ 
ing.  The  original  copy  should  be  on  bond  paper.  There  should  be 
three  copies. 

').  Abstracts  should  be  letter  perfect,  since  there  will  be  no  opportunity 
for  proof  reading  by  the  authors. 

1959  AWARDS 

The  selection  of  the  recipients  of  the  awards  of  The  Endocrine  Society  is 
made  by  a  Committee  appointed  by  the  Council  of  the  Society.  These 
awards  and  fellowships  carry  no  obligation  by  the  recipient  to  the  Society 
or  to  the  donors. 

Fred  Conrad  Koch  Award 

During  the  past  year  a  substantial  legacy  has  been  bequeathed  the 
Society  by  the  late  Elizabeth  Koch  for  the  purpose  of  establishing  the 
Fred  Conrad  Koch  Memorial  Fund  in  memory  of  her  late  husband,  dis¬ 
tinguished  service  professor  of  physiological  chemistry  at  the  University 
of  Chicago  and  pioneer  in  the  isolation  of  the  androgens.  This  is  to  be  the 
highest  honor  of  the  Endocrine  Society  and  is  to  be  represented  by  a 
medal  that  is  to  be  known  as  the  Koch  Medal  of  The  Endocrine  Society. 
'Fhe  medal  and  honorarium  of  S3, 500  is  to  be  given  annually  to  an  indi¬ 
vidual  for  work  of  special  distinction  in  endocrinology. 

The  recipient  shall  be  chosen  from  nominations  presented  by  members 
of  the  Society  and  is  limited  to  citizens  of  the  United  States  and  Canada. 
This  award  will  replace  the  Medal  of  the  Endocrine  Society  w^hich  was 
established  in  1954  and  presented  to  Dr.  Carl  Moore  in  1955,  Dr.  Frederick 
L.  Hisavv  in  1956,  Dr.  Joseph  C.  Aub  in  1957  and  Dr.  I.  L.  Chaikoff  in 
1958.  The  Endocrine  Medal  replaced  the  E.  R.  Squibb  Award  wJiicli  was 
formerly  the  highest  honor  bestowed  by  the  Society.  Past  recipients  of  the 
S(}uibb  Award  were  Dr.  George  W.  Corner  in  1940,  Dr.  Philip  E.  Smith 
in  1941,  Dr.  Fred  C.  Koch,  1942,  no  award  was  given  in  1943,  Dr.  E.  A. 
Doisy  in  1944,  Dr.  E.  C.  Kendall  in  1945,  Dr.  Carl  O.  Hartman  in  1946, 
Drs.  Carl  F.  and  Gerty  T.  Cori  in  1947,  Dr.  Fuller  Albright  in  1948,  Dr. 
Herbert  Evans  in  1949,  Dr.  C.  N.  H.  Long  in  1950,  Dr.  J.  B.  Collip  in 
M)51,  Dr.  James  H.  Means  in  1952  and  Dr.  David  Marine  in  1953. 
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The  Ciba  Award 

The  Cil)a  Award,  to  recognize  the  meritorious  accomplishments  of  ai 
investigator  not  more  than  35  years  of  age  in  the  field  of  clinical  or  pre 
clinical  endocrinology,  was  established  in  1942,  but  no  recipient  wa 
selected  in  1942  or  1943.  In  1944  the  Award  was  presented  to  Dr.  E.  B 
Astwood,  1945  Dr.  Jane  A.  Russell,  1946  Dr.  Martin  M.  Hoffman,  194'( 
Dr.  Choh  Hao  Li,  1948  Dr.  Carl  Heller,  1949  Dr.  George  Sayers,  1951 
Dr.  Oscar  .M.  Hechter,  1951  Dr.  Albert  Segaloff,  1952  Dr.  Seymour  Lieber 
man,  1953  Dr.  Sidney  Roberts  and  Dr.  Clara  Szego  (Mrs  Roberts),  195- 
Dr.  Isadore  M.  Rosenberg,  1955  Dr.  Jack  Gross,  1956  Dr.  Alfred  M 
Bongiovanni,  1957  Dr.  Nicholas  S.  Halmi,  1958  Dr.  Monte  Arnold  Greer. 
Prior  to  1952  the  Award  was  81,200.  It  has  now  been  increased  to  82,500. 

The  Ayerst  and  the  Squibb  Fellowships 

The  Ayerst  Fellowship  was  established  in  1947  and  the  Squibb  Fellow¬ 
ship  in  1956.  They  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  advancement  towards  a  career  in  endocrinology. 
Each  Fellowship  is  awarded  on  alternate  years  and  the  stipend,  which 
will  not  exceed  85,0t)0  may  be  divided  into  two  Fellowships  in  varying 
amounts  in  accordance  with  the  qualifications  of  the  appointees.  Indi¬ 
viduals  possessing  the  M.D.  or  Ph.D.  degree,  or  candidates  for  either  of 
these  degrees,  are  eligible  for  appointment. 

Applicants  must  submit  the  following  information: 

1.  Evidence  of  scientific  ability  as  attested  by  studies  completed  or  in 
progress. 

2.  Recommendations  from  individuals  familiar  with  the  candidate  and 
his  work. 

3.  A  proposed  program  of  study. 

4.  .\cceptance  of  the  individual  by  the  head  of  the  department  in  which 
the  Fellowship  will  be  held. 

5.  .statement  that  he  or  she  will  serve  full  time  if  awarded  a  Fellow- 
.ship.  A  small  amount  of  time  (10  to  15  per  cent)  may  be  .spent  in 
course  work  or  participation  in  teaching,  the  latter  purely  on  a  volun¬ 
tary  basis. 


The  Scherixg  and  the  Upjohn  Scholars  of 
The  Endocrine  Society 

The  Council  of  The  Endocrine  Society  has  established  a  category  of 
Scholars.  These  grants  have  been  made  available  through  the  generosity 
of  the  Schering  Corporation  and  the  Upjohn  Company,  and  will  b^' 
awarded  to  estalJished  inve.stigators  and  teachers  in  the  field  of  endocrin¬ 
ology  who  wish  to  extend  their  opportunities  for  work  either  in  this  coun¬ 
try  or  abroad. 
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The  awards  will  not  exceed  $2,500  annually  for  each  individual  and  will 
I  e  granted  on  the  basis  of  proposals  submitted  by  the  applicant.  Such 
I  pplications  should  include  estimated  financial  needs.  The  funds  may  be 
\  -ied  for  travel,  maintenance  and  other  expenses. 

Nominations 

Nominations  for  the  Fred  Conrad  Koch  Award;  the  Ciba  Award;  and 
\  le  Ayerst  and  the  Squibb  Fellowships  may  be  made  by  any  member  of 
■(  he  Endocrine  Society.  They  should  be  submitted  on  forms  which  may  be 
I  Rained  from  the  Office  of  the  Secretary,  1200  North  Walker  Street, 
( .‘klahoma  City  3,  Oklahoma.  Completed  nominations  should  be  returned 
t )  the  Secretary  not  later  than  October  15,  1958. 

Proposals  for  appointments  as  Scholars  of  The  Endocrine  Society  should 
i  e  made  in  writing  by  the  individual,  and  addressed  to  the  Secretary  of 
the  Society.  They  should  be  submitted  by  October  15,  1958. 

The  Awards  Committee  will  meet  in  October  and  notice  of  awards  to 
successful  nominees  and  applicants  will  be  made  not  later  than  December 
1st. 


